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CHAPTER I. INTRODUCTION 
Mercury, a neurotoxin capable of long-range atmospheric transport, can damage human health 
and ecosystems globally. Unique among other naturally occurring heavy metals, mercury exists as a 
liquid at room temperature. Additionally, it possesses low melting and boiling point, high density, and 
low equilibrium vapor pressure (see Table I-1). These properties lend mercury its versatility as a 
catalyst, an electrode material, thermometers, and dental fillings. 
Table I-1. Physical and chemical properties of elemental mercury and two notable divalent 
compounds* 
 Unit Hg(0) Hg(CH3)2 HgBr2 
Physical state  Silver colored liquid Colorless liquid 
White crystalline 
solid 
Melting point °C -38.829 -43 241 
Boiling point °C 357 96 321 
Water solubility (25°C) mol kg-1 3 × 10-7 Insoluble 0.017 
Henry’s law constant Pa m3 mol-1 0.32 (25°C) 
0.31 
(25°C)  
Octanol-water partition  4.2 180  
Density kg m-3 13533.6 3170 6050 
Ionization energy eV 10.4375 9.10 10.560 





*Schroeder and Munthe,1 Ariya et al.,2 and references cited therein 
 
Despite its use in everyday applications, its acute and chronic neurotoxicity has made mercury 
a serious health concern. As anthropogenic emission of mercury has been increasing (see Figure I-1), 
mercury pollution has become a serious threat to multiple global communities. Among the most 
catastrophic events was the Minamata incident (1930s–1960s) in Japan where methylmercury 
(CH3Hg+), a highly neurotoxic form of mercury, was released into the industrial wastewater. The 
incident caused thousands of human casualties and victims over 36 years. The severity of mercury-
related disasters has motivated various organizations to fight for curbing anthropogenic emission of 
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mercury. Most notably, 128 countries in 2013 signed the international treaty, the Minamata 
Convention on Mercury, to protect humans and ecosystems from mercury pollution. 
 
Figure I-1. Anthropogenic emissions of mercury from the 1700s (left) and from Industrial Revolution 
(right) to 2000s. Image adapted from the UNEP Global Mercury Assessment 20133 and Streets et al.4 
Mercury mostly enters aquatic and ecological systems from the atmosphere. Mercury 
compounds in soil and water transform into methylmercury. As methylmercury bioconcentrates up 
the food chain, it gradually gets consumed by human via fish and shellfish diet. 
Mercury in the Atmosphere 
Mercury exists in the atmosphere in three primary forms: gaseous elemental mercury (GEM, 
Hg(0)), gaseous oxidized mercury (GOM, mostly Hg(II)), and particulate-bound mercury (PBM). For 
the latter two forms, only operational definitions are available due to our current ignorance of their 
 3 
speciation. To chemists, this limitation has proven to be unsatisfactory as accurate understanding of 
behavior of mercury—at least in the atmosphere—requires exact knowledge of its chemical speciation. 
Among the three mercury forms in the atmosphere, GEM dominates due to its high 
equilibrium vapor pressure and low aqueous solubility.1 It possesses a relatively long atmosphere 
lifetime (0.8 to 1.7 years),2 and can be transported globally. The small remaining fraction includes 
GOM and PBM. In contrast to its elemental form, Hg(II) compounds possess significantly lower 
equilibrium vapor pressures and higher aqueous solubilities.1 As a result, Hg(II) compounds are prone 
to be removed from air by wet and dry deposition. GOM has an estimated lifetime on the orders of 
hours to days. PBM can be formed via mercury adsorption onto atmospheric surfaces and also has a 
short lifetime. The fate of mercury (i.e., remaining in the atmosphere or undergoing deposition) thus 
depends greatly on its speciation.5 
Sources of mercury consist of both natural and anthropogenic emissions. Natural sources of 
mercury include outgassing of the Earth’s crust, volcanic eruptions, and evasion from soils, 
vegetations, lakes, forest fires, and open waters.1,2 Regarding anthropogenic emission, coal 
combustion4,6 and artisanal small-scale gold mining (ASGM)3,7 are the dominant sources, although 
contribution of the latter remains highly uncertain due to missing emission inventories (see Figure 
I-1).8 It has been speculated that 5500 to 8900 tons (103 kg or 106 g) of mercury are released into the 
atmosphere annually.3 Excluding re-evasion of previously deposited mercury, anthropogenic sources 
are the most significant source, reaching about 2500 tons mercury per year (see Figure I-2). 
Nonetheless, uncertainties in natural and anthropogenic emission inventories remain high, hindering 
current knowledge of the global atmospheric mercury budget. 
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Table I-2. Anthropogenic mercury emission (in 103 kg year-1) by sector ordered by percentage of total 
emission, and excluding sectors whose emissions cannot currently be quantified (e.g., oil and gas 
extraction, biofuel production and combustion)* 
 Emission (uncertainty range) % 
Artisanal and small-scale 
gold mining (ASGM) 727 (410 – 1040) 37 
Coal burning (all uses) 474 (304 – 678) 24 
Primary production of non-ferrous 
metals (Al, Cu, Pb, Zn) 193 (82 – 660) 10 
Cement production 173 (65.5 – 646) 9 
Large scale gold production 97.3 (0.7 – 247) 5 
Consumer product waste 95.6 (23.7 – 330) 5 
Contaminated sites 82.5 (70 – 95) 4 
Other uses** 115 (50.3 – 368) 6 
Total 1960 (1010 – 4070) 100 
*UNEP Global Mercury Assessment 20133 
**include but not limited to oil and natural gas burning, primary production of ferrous metals, 
chlor-alkali industry, cremation (dental amalgam), oil refining. Each use separately contributes less 
than 2%. 
 
Mercury in Other Environments 
As previously mentioned, mercury can enter ecosystems (e.g., soils, aquatic systems) via 
deposition from the atmosphere. Additionally, direct anthropogenic emission (e.g., discharge of 
industrial wastewater) also contributes a smaller portion.3 In ecosystems, Hg(II) species can be 
methylated through microbial actions, producing the highly toxic methylmercury.9–11 Despite only 
accounting for a small fraction of mercury in the environment, methylmercury can be biomagnified 
up the food chain, acting as a neurotoxin to humans. 
 5 
 
Figure I-2. Global mercury fluxes (in thousand kg year-1) by sources and pathways based on models. 
Image adapted from the UNEP Global Mercury Assessment 2013.3 
Most mercury transferred into ecosystems, however, re-enters the atmosphere via gaseous re-
evasion (about 3000 and 2000 tons per year from oceans and soils, respectively).3 Oceans and soils 
thus act as large reservoirs for atmospheric mercury. 
GEM Oxidation and BrHgO• Formation 
Atomic bromine (Br•) has been strongly suggested, despite the absence of direct experimental 
evidence, to initiate GEM oxidation in the Polar Regions and in the marine boundary layer (MBL). Its 
importance was agreed upon by field scientists, modelers,12,13 theoretical chemists,14–16 and 
experimental kineticists.17 Recent modeling results13,18,19 further suggest that Br• may be an important 
oxidant of GEM on the global scale.  
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There exist a few potential sources of BrHgO•, but formation via BrHgONO photolysis seems 
most viable, given the lack of experimental evidence on BrHgONO. BrHg• was proposed to undergo 
addition to NO2 and HO2, forming BrHgONO and BrHgOOH, respectively.20 The first manuscript 
in the present work (Chapter IV) provides computational results to support that BrHgONO can 
photolyze similarly to HONO and organic nitrites (RONO) to form BrHgO• under clear sky 
conditions in approximately 30 minutes. It should be noted, however, that these photolysis 
calculations were done by Yuge Jiao (and not by the author) as part of the submitted publication. 
Details on BrHgONO photolysis are discussed further in the Background section. 
BrHgO• has not been detected in the field or in the laboratory, but a computational study21 
suggested that the radical possesses strong bonds and therefore can exist long enough in the 
atmosphere to react further with other trace gases before dissociating. Here, I propose that BrHgO• 
can (1) abstract hydrogens from sp3-hybridized carbons, and (2) add to sp2-hybridized carbons. From 
these reactions and their computed rate constants, the present work reveals the atmospheric fate of 
BrHgO• formed by the GEM oxidation by Br•. 
These findings are of consequence as BrHgO• reactions form gas phase organomercury 
products in the atmosphere. If these products are deposited directly into ecosystems, the need for 
microorganisms to methylate Hg(II) compounds would be bypassed to some extent. As a result, the 
concentration of organomercury compounds in ecosystems and, in turn, the rate at which 
bioaccumulation occurs may be higher than currently estimated. Additionally, my theoretically 
computed IR data (i.e., peak positions and integrated intensities of IR absorption bands) can guide 
laboratory scientists to detect and quantify BrHgY (Y = OH, ONO2) compounds. Computed rate 
constants improve accuracy of regional and global models of mercury oxidation regarding deposition 
fluxes of Hg(II) species formed from GEM oxidation. Concentrations of Hg(II) species determined 
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in field studies may subsequently be used to evaluate the accuracy of predictions made by models of 
GEM oxidation by Br•. Furthermore, rate constants provide a basis for which these compounds may 
be synthesized in the laboratory and with which kineticists can subsequently evaluate. Overall, my 
research (1) expands the mechanism of the GEM oxidation, (2) betters the current understanding of 
organomercury entry point into ecosystems, and (3) provides important data (e.g., IR, rate constants) 
for scientists of gas-phase mercury chemistry. 
Chemical Kinetics and Computational Chemistry 
As the fates of gas-phase species are governed almost exclusively by kinetics (as opposed to 
thermodynamics), chemical kinetics remains central in the research of atmospheric chemistry. One 
can gain significant insight about the fate of a species of interest from the rate constants of its 
elementary reactions and concentrations of its co-reactant alone. However, laboratory experiments 
often find it difficult to measure reliable rate constants due to: (1) possible side reactions, (2) the lack 
of quantification methods to quantify short-lived intermediates in the gas phase, (3) the need for clean 
generation of desired radicals if involved in a reaction of interest, and (4) the challenge of spanning 
the temperature and pressure ranges relevant to the atmosphere. Moreover, detection methods, to be 
discussed in the Background, have to overcome the issues of low concentration, sensitivity, and 
potential interferences. Consequently, the understanding of atmospheric chemistry has somewhat 
suffered due to these limitations. For example, a sensitivity study by Canty et al.22 demonstrated that 
the ClO• + ClO• experimental rate constants in the most up-to-date compendium still varies within 
20% (for 180 K ≤ T ≤ 230 K), despite that kineticists have been measuring these rate constants (in 
laboratory and otherwise) for the past 25 years. In the case of mercury and its compounds, measuring 
rate constants in laboratory proves particularly challenging as high uncertainties are primarily due to 
side reactions, including surface reactions,23,24 formation of aerosols,17,25 and oligomerization.24 
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Here, computational chemistry offers an alternative yet complementary solution. Fast and 
efficient algorithms grant computational chemistry the ability to predict reaction mechanisms and 
explore unknown pathways. Additionally, these results may subsequently be verified by laboratory 
experiments, as theoretical rate constants can be computed directly from these outputs using theories 
of chemical kinetics. 
Goal of the Present Work 
In the present work, computational chemistry was used to explore the reactions of BrHgO•: 
hydrogen abstractions from methane (CH4), ethane (C2H6), and formaldehyde (HCHO), along with 
additions to ethylene (C2H4), formaldehyde (HCHO), and nitrogen oxides (NO and NO2): 
 BrHgO• + CH4 → BrHgOH + •CH3 (I-1) 
 BrHgO• + C2H6 → BrHgOH + •C2H5 (I-2) 
 BrHgO• + C2H4 → BrHgOCH2CH2• (I-3) 
 BrHgO• + HCHO → BrHgOH + •CHO (I-4a) 
 → BrHgOCH2O• (I-4b) 
 BrHgO• + NO → syn-BrHgONO (I-5) 
 BrHgO• + NO2 → BrHgONO2 (I-6) 
These molecules were selected based on (1) that they are simple and symmetrical model 
compounds, and (2), in cases of CH4, HCHO, NO, and NO2, their high atmospheric concentrations. 
The symmetry of the molecules helps reduce the computational expense, whereas their concentrations 
better our understanding of the most likely fate of BrHgO•. 
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In the present work, I provide potential energy profiles for all reactions and rate constants for 
most of them. For reactions whose rate constants I do not compute, I provide estimates for their rate 
constants using reaction analogs. Using these rate constants and typical concentrations of trace gases, 
I assess the overall fate of BrHgO• and predict that of its products in the atmosphere (i.e., BrHgOH, 
BrHgOCH2CH2•, BrHgOCH2O•, syn-BrHgONO, BrHgONO2). From these findings, I can give 
directions for future research on BrHgO• chemistry.
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CHAPTER II. BACKGROUND 
Br• Initiates Oxidation of GEM 
Two decades ago, the mixing ratio of GEM was thought to be fairly constant with slight 
seasonal and geographical variations. Not until 1998 was this assumption challenged due to reports of 
atmospheric mercury depletion events (AMDEs). These events, first discovered by Schroeder et al.,26 
are annual phenomena recurring in springtime throughout the Polar Regions. AMDEs are 
characterized by week- to few-month-long episodes of GEM dropping below background levels, and 
these large drops can occur quickly within the course of hours to a day (see Figure II-1). Reactive 
halogens were proposed to be the driving factor in AMDEs27,28 because these episodes coincided with 
ozone depletion events, and the latter are known to be driven by active halogen species.29 The first 
discovered AMDE in 1998 sparked reports of similar phenomena observed at other field stations near 
the Polar Regions,27 and, more recently, over the Dead Sea in Israel.30 In these reports, measurements 
also revealed that drops in GEM were accompanied by high GOM and PBM concentrations and high 
GOM were observed in snowpack during AMDEs, as Hg(II) compounds can quickly be deposited 
onto snow surfaces. 
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Figure II-1. First report of AMDE (in 1998 by Schroeder et al.),26 characterized by frequent episodes 
of total gaseous mercury (TGM) dropping below background levels in springtime. Inset: correlation 
(with coefficient of variation R2 = 0.8) between TGM and ozone in these episodes. Image adapted 
from Steffen et al.27 and references cited therein. 
Despite not being directly confirmed in the field, the sudden release of halogen radicals (e.g., 
Br• and BrO•)31,32 in early springtime was accepted to be the cause of drastic GEM fluctuations in 
AMDEs. More broadly, in global environments beside during AMDEs, theoretical,14–16 experimental,17 
and modeling12,13 studies also support the role of Br• as an oxidant. Additionally, oxidation of GEM 
by Br• has been more generally thought to be important over the marine boundary layer (MBL) as Br• 
can be produced via photochemistry of natural occurring bromine-containing sea salt particles in 
marine environments.33 Some recent models13,18,19 further asserted that oxidation by Br• alone can 
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account for the global GEM oxidation budget. Moreover, oxidation pathways by O3 and •OH were 
disproved.15,34–36 The oxidation from Hg(0) to Hg(II) proceeds via a two-step mechanism, the first of 
which converts Hg(0) to Hg(I): 
 Br• + Hg + M ←→ BrHg• + M (II-1) 
BrHgONO As the Dominant GOM 
The step following the formation of BrHg• converts Hg(I) to Hg(II). However, determining 
atmospherically relevant reactions of BrHg• has remained challenging. Until recently, models of GEM 
oxidation by Br• only considered BrHg• addition to •OH and Br•, whose rate constants were provided 
by Goodsite et al.14 in 2004. Only until 2012 did Dibble et al.20 argue that these radicals are not 
abundant in the atmosphere, and further proposed that BrHg• addition to NO2 and HO2 are more 
important (than addition to •OH and Br•). These reactions produce syn-BrHgONO and BrHgOOH, 
respectively: 
 BrHg• + NO2 → syn-BrHgONO (II-2) 
 BrHg• + HO2 → BrHgOOH (II-3) 
Jiao and Dibble37 computed rate constants for these barrierless addition pathways, in which BrHg• 
reacts with NO2 and HO2 with rate constants of 8.1 × 10-11 and 4.4 × 10-11 molecules cm-3 s-1 at 298 
K and 1 atm. Using these reactions, both regional and global models have found improvements in 
field-measurement agreement on temporal variations of mercury concentration and deposition fluxes. 
Specifically, Ye et al.38 demonstrated improvements in the performance of the CMAQ regional model, 
reproducing for the first time the distinct pattern of a GOM daytime maximum at their marine site. 
Horowitz et al.,18 using the GEOS-CHEM global model, improved previous predictions of latitudinal 
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gradients of GOM deposition fluxes. Furthermore, this study concluded that NO2 dominate the 
chemistry of BrHg• globally. 
Computations by Dibble and Schwid39 demonstrated that BrHg• cannot abstract hydrogen 
atom from sp3-hybridized carbons due to unfavorable reaction enthalpies. BrHg• addition to a model 
alkene (i.e., C2H4) also seems atmospherically irrelevant as its product most likely dissociates due to 
the weak Hg–C bond energy. These results further support syn-BrHgONO as the major Hg(II) species 
produced by the GEM oxidation initiated by Br•. 
Detection Methods for GOM 
Current knowledge of GOM concentrations (also referred to as reactive gaseous mercury 
(RGM)) in the field has so far relied on its operational definition as the amount of any Hg(I) and 
Hg(II) captured by some trapping method, converted to GEM, and measured as GEM. These 
operational definitions prove unsatisfactory to a chemist as they do not identify the specific 
compounds of GOM. Most field studies report GOM indirectly by subtraction of GEM from total 
mercury measured. By contrast, some studies employ the direct GOM measuring system by using a 
KCl denuder (to trap GOM, by definition), a quartz filter (to trap PBM), followed by thermal 
desorption, pyrolysis, and finally, a GEM measurement via cold vapor atomic fluorescence 
spectroscopy (CVAFS). It should be noted that, however, this method relies heavily on the capability 
of KCl denuder to trap Hg(II) species, which was demonstrated to be most efficient at capturing 
HgBr2.40 Another study further speculates that the KCl denuder has far from captured all of an HgBr2 
added to ambient air (containing O3 and water vapor) in a field experiment alone (20 – 54% 
recovery).41 
The chemical identity of GOM compounds has been debated among mercury researchers, and 
much better methods are required to determine chemical structures and to accurately measure 
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concentrations. The challenge of field detection of GOM has to deal with its ultra-trace concentration 
levels (in pg m-3, pptv, or about 106–107 molecules cm-3). Mass spectrometric detection (e.g., 
inductively coupled plasma-mass spectrometry (ICP-MS) and gas chromatography-mass spectrometry 
(GC-MS)) can speciate chemical identities at this concentration level. GC-MS by Jones et al.42 
demonstrated the ability to separate mercury halides with a method detection limit (MDL) of 90 pg 
m-3, comparable to field concentrations. In the laboratory, however, soft-ionization MS coupled with 
preconcentration onto nano- or microparticle-based traps can reach to 4 pg m-3.43 Despite these 
available methods, sensitivity and interferences remain a priority for MS techniques in GOM detection. 
Additionally, because many studies have only focused on commercially available Hg(II) 
compounds (e.g., HgBr2, HgCl2, HgO), they most likely are not the only GOM in the atmosphere. To 
detect and measure relevant Hg(II) compounds in the field, there needs to be ways of synthesizing 
and detecting them in the laboratory as direct evidence and empirical properties provide meaningful 
and purposeful searches for field scientists in the natural world. Laboratory GOM research has 
experimental limitations due to unknown reaction mechanisms of many GOM species and their side 
reactions in the gas phase. As a result, there requires a search for relevant GOM compounds in the 
atmosphere without relying on the availability of experimental data. Here, theoretical (and 
computational) chemistry offers a solution which provides inputs for and enable strong ties between 
field, modeling, and laboratory studies together. Specifically, using computational chemistry and 
chemical kinetics, reaction mechanisms and unexplored products can be revealed. Experimentalists 
may accordingly synthesize and characterize them using a variety of experimental techniques. 
Subsequently, field scientists can detect and measure them in the atmosphere, whereas modelers can 
reassess our knowledge of GEM oxidation in various atmospheric environments. The subsequent 
sections highlight previous computational insights on relevant GOM species as precursors of BrHgO•. 
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BrHgO• Formation and Stability 
In the absence of experimental evidence on most BrHgY species (Y = ONO, OOH, etc.), 
there currently exist two potential sources of BrHgO•: (1) syn-BrHgONO photolysis, and (2) BrHg• 
abstracting an oxygen atom from O3. 
 syn-BrHgONO + hν → BrHgO• + NO (II-4) 
 BrHg• + O3 → BrHgO• + O2 (II-5) 
Between the two, syn-BrHgONO photolysis was the more theoretically studied. There are only two 
reports37,44 of reaction II-4 and none of reaction II-5 in the literature. As mentioned previously, the 
results presented here are part of the first manuscript and calculations on reaction II-4 were done by 
Yuge Jiao. Computed vertical excitation energies (at EOM-CCSD/AVTZ) revealed that the syn-
BrHgONO can dissociate at the S1 state. The nature of this photolysis appears quite similar to that of 
HONO whose photodissociation also occurs at the S1 state. Additionally, BrHgONO can undergo 
photolysis in the near UV (peak near 315 nm and absorption extending to ~350 nm)  and on a slightly 
slower timescale than can HONO. Its photolysis lifetime was estimated to be ~30 minutes (under 
clear sky conditions and at a solar zenith angle of 40°). The result here accounts for the near-absence 
of a barrier to dissociation, the 33-nm blue shift in the absorption spectrum from that of HONO, and 
the 20% smaller oscillator strength. It should be noted that this finding challenges a recent work on 
BrHgY species by Saiz-Lopez et al.,44 whose global model assumed dissociation of syn-BrHgONO to 
BrHg• or Hg(0) based on similar photodissociation pathways of HgBr2. Curiously, their photolysis 
lifetime of ~20 minutes (annually and globally averaged) agrees reasonably with the value computed 
here. For comparison, using their (as yet unpublished) reported absorption cross-sections45 and 
assuming unity quantum yield (for BrHgO• + NO production), syn-BrHgONO has a lifetime of 10 
minutes (under clear sky conditions and at a solar zenith angle of 40°). 
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The oxygen abstraction of BrHg• from O3 seems plausible thermodynamically (ΔHr = -35 kcal 
mol-1). However, its barrier has yet been studied. Accurately determining its barrier requires 
systematically treating the multi-reference characteristics of O3 and its interaction with the much larger 
Hg atom. To estimate its atmospheric relevance due to kinetics, Cl• + O3 → ClO• + O2 and •OH + 
O3 → HO2 + O2 are two analogies whose energy surfaces have previously been studied. For Cl• + 
O3, the quasi-classical trajectory (QCT) method suggested that the reaction proceeds without an 
energy threshold.46 By contrast, for the •OH + O3 system, dynamical calculations demonstrated that 
there exists a modest barrier (~1.8 kcal mol-1).47 By analogy to Cl• and •OH, I infer that BrHg• can 
also react with O3 via oxygen abstraction to form BrHgO• either by overcoming a small or no barrier. 
Calculations and experiments are needed to verify or refute this statement, however. The competition 
in BrHgO• production between BrHg• + NO2 with photolysis (reaction II-2 and II-4) and BrHg• + 
O3 can be quantified for a range of BrHg• + O3 rate constants (see Figure II-2). Here, a range of 
O3/NO2 ratios are considered (at 298 K and 1 atm), along with an air mass in the stratosphere at 220 
K and 0.01 atm (and using modeled concentrations from DeMore et al.48). Note that O3/NO2 ratios 
are used because O3 and NO2 are chemically connected and can vary drastically due to boundary layer 
dynamics and photochemistry. My result suggests that BrHg• + O3 can be expected to be a significant 
source of BrHgO• in O3-rich and NO2-deficient environments (e.g., the stratosphere). 
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Figure II-2. Ratio of BrHg• oxidation to BrHgO• from BrHg• + O3 versus BrHg• + NO2 for a range 
of BrHg• + O3 rate constants and a range of O3/NO2 ratios (at 298 K and 1 atm), along with an air 
mass in the stratosphere at 220 K and 0.01 atm. The black horizontal line indicates equal competition 
between the two routes. Species concentrations in the stratospheric air are modeling results in DeMore 
et al.48 
Although a few other BrHgO• formation pathways are plausible, including BrHg• + O(1D) 
and Hg + BrO•, they are not relevant in the atmosphere. O(1D) concentration seem too low in the 
atmosphere, and the latter reaction possesses a high barrier36 (from breaking the ~56 kcal mol-1 Br–O 
bond49). Therefore, reactions II-4 and II-5 appear to be the dominant pathways of BrHgO• formation 
in the troposphere and stratosphere. 
BrHgO• has never been detected in the laboratory, but a computational study by Balabanov 
and Peterson21 suggests that the radical possesses strong Br–Hg (60 kcal mol-1) and Hg–O bonds (70 
































) (cm3 molecule-1 s-1)
 18 
to the complete basis set limit (CBS) and corrections for spin-orbit coupling. Their computational 
method seems highly reliable: for bond energy of BrHg•, it agrees with the spectroscopic value within 
~0.5 kcal mol-1. Due to the strong bond energies of BrHgO•, I infer that this radical can exist long 
enough in the atmosphere to undergo further reactions.  
 19 
CHAPTER III. METHODS 
Electronic Structure Theory 
Electronic structure theory, the basis of computational quantum chemistry, describes the 
motions of electrons in atoms and molecules. From quantum mechanics, atomic and molecular 
properties (e.g., geometries, dipole moment, spectra) can be predicted by determining the 
wavefunction Ψ. As a result, the basis of quantum chemistry revolves around solving the (mostly) 
time-independent and non-relativistic Schrödinger equation for a multi-atom, multi-electron system: 
 H^ Ψ = EΨ (III-1) 
where H^  is the Hamiltonian operator, and E is the energy. Analytical solutions to the Schrödinger 
equation are impossible in most chemical systems (except for systems of single-electron). As a result, 
in practice, solving for the Schrödinger equation requires using numerical methods and a series of 
approximations. 
Because electrons are much lighter than nuclei, one often employs the Born-Oppenheimer 
(BO) approximation: the idea that nuclear motion of a system can be separated from its electronic 
motion. Its wavefunction Ψ can accordingly be separated into an electronic component (Ψelectronic) and 
a nuclear component (Ψnuclear). Ψelectronic can be solved for a fixed nuclear geometry using the 
Schrödinger equation and a corresponding electronic Hamiltonian (in atomic units): 









where Δ is the Laplacian operator (also denoted ∇2), A is the index for nucleus A in a multi-atomic 
system, i and j are electron indices, Z is the atomic number, and r is the distance. The electronic 
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Hamiltonian includes, in order: (1) the electronic kinetic energy operator, (2) the potential energy for 
electron-nuclear attraction, and (3) the potential energy for electron-electron repulsion term. 
Using various ab initio methods or density functional methods (discussed below), one can solve 
for the electronic energy of a system at one nuclear coordinate. Additionally, one may compute the 
nuclear repulsion energy term. The total energy of a system (i.e., the sum of all the terms involving 
electrons plus nuclear repulsion term) solved for a range of nuclear coordinates maps out a potential 
energy surface (PES). On a PES, quantum chemists are most-often interested in its stationary points: 
(1) minima corresponding to stable species (e.g., reactants, products, intermediates) and (2) saddle 
points which are minima in one or more dimensions and maxima in all other dimensions (i.e., 
transition states). 
Basis Sets 
In quantum chemical calculations, wavefunctions (in ab initio methods) and electron density 
(in density functional methods) are written using linear combinations of pre-defined functions called 
basis functions. Sets of basis functions with similar construction but numerically different for different 
atoms are accordingly referred to as basis sets. Using the variational principle (a result of the 
Variational Theorem),50 searching for the final wavefunction or electron density of a system involves 
varying the coefficients of these basis functions in order to minimize the system energy. Increasing the 
size of the basis set (i.e., the number of basis functions) in a calculation increases its flexibility and 
enables one to describe the system more accurately, but also increases the computational cost. 
In the present work, the standard Dunning correlation-consistent polarized basis sets with 
diffuse functions aug-cc-VXZ (X = D, T)51,52 were used for first- and second-row atoms. These 
combination of basis sets are referred to as AVXZ (X = D, T) hereafter. In these basis sets, aug- refers 
to use of “augmented” (i.e., diffuse) functions, whereas D and T signifies the use of two (double) and 
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three (triple) ζ functions, respectively, to describe the valence atomic orbitals in the system. Together 
with their siblings AVQZ, AV5Z, and AV6Z, they were designed to converge smoothly towards the 
complete basis set (CBS) limit. Results obtained at the CBS, in principle, minimizes any errors due to 
the linear combination of atomic orbitals approximation, so that any remaining deviations from 
experiment are due to treatment of electron correlation (to be discussed in the subsequent section). 
Ideally, one could use a sufficiently large basis set to approach the CBS limit, however, using large 
basis sets may not be practical for large molecular systems due to computational costs. 
For atoms of large atomic number (e.g., Hg and Br), molecular orbitals of their inner electrons 
are replaced by an effective core potential (ECP) to simplify calculations and decrease computational 
cost. Simultaneously, ECPs are used to account for scalar relativistic effects which are largely due to 
fast-moving inner-shell electrons of Br and Hg. Briefly, relativistic effects can explain physical 
properties (e.g., the boiling point and liquidity of mercury), and, more importantly, carry consequences 
of chemical properties (e.g., bond interactions in systems of heavy elements). In the present work, the 
small-core Stuttgart/Cologne pseudopotentials for the innermost electrons of Br (10 electrons)53 and 
Hg (60 electrons) were used.54 For electrons treated explicitly, I used basis sets designed to perform 
with these ECPs and to perform similarly to the Dunning AVXZ (X = D, T) basis sets. It should be 
noted that these pseudopotentials do a good job of accounting for relativistic effects in the system. A 
previous computational work by Sitkiewicz et al.55 argued that ECP-based basis sets may not be 
sufficient in treating systems with strong spin-orbit coupling effects. That being said, the chemistry 
discussed in the present work does not describe bond-forming or bond-breaking processes of Br and 
Hg; as a result, I expect spin-orbit coupling to the energetics of the reactions studied here to be 
sufficiently small that this issue does not contribute much to the uncertainty of the results. 
Ab Initio Methods 
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The subsequent sections describe two methods used extensively in the present work: ab initio 
and density functional methods. Ab initio quantum chemistry methods are methods of computational 
chemistry used to solve the Schrödinger equation without empirical inputs. The Hartree-Fock method 
(HF) serves as the first step for many more advanced ab initio methods. Each electron can be assumed 
to move in a mean field generated by all other electrons. Being a variational procedure, the HF 
algorithm searches for a minimum internal energy of the system by varying the coefficients of the basis 
functions used to construct the wavefunction of the system. As the field experienced by each electron 
depends on the wavefunction of all other electrons, the HF equation must only be solved iteratively 
to approximate the final wavefunction and its properties. The procedure goes as follows: (1) guessing 
(i.e., setting the initial basis functions of) the charge density describing the positions of electrons in a 
system, (2) using this charge density to calculate the (mean electrostatic) field for the electrons, (3) 
using this field to better approximate the charge density of the system, and (4) using this improved 
density to calculate the new field. These steps are repeated until the field generated by a particular 
charge density stays “consistent” (i.e., identical) with the field which would be produced by that charge 
density. Due to this reason, the HF approach may often be referred to as the self-consistent-field 
(SCF) method. 
Energies calculated by the HF method, however, are inaccurate compared to the exact solution 
to the Schrödinger equation as the method does not account for electron correlation (i.e., Coulombic 
interaction between electrons). Consequently, the energy of a system at the HF-limit (i.e., computed 
at HF/CBS) always lies above the exact (non-relativistic) energy by a small energy difference: the 
correlation energy. To chemists, correlation energies are of great interest as they significantly 
contribute to the relative energy difference between reactants and products. Improper treatment or 
neglect of the correlation energy leads to large uncertainties or wildly inaccurate value for 
thermochemistry and reaction properties. Furthermore, as chemical kinetics relies heavily on relative 
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energy differences (e.g., between reactants, products, transition states), errors in energies can 
accordingly exacerbate errors in computed rate constants. 
Post-Hartree-Fock (post-HF) methods are designed to approximate the electron correlation 
energy. As a result, energy calculations often begin with an HF approach followed by a post-HF 
method. There exist three main types of post-HF methods: (1) configuration interaction (CI), (2) 
many-body perturbation theory (MBPT), and (3) coupled cluster (CC) theory.  
CI56 expresses the wavefunction in linear combinations of configuration state functions (CSFs) 
built from spin orbitals. CSFs are Slater determinants and their coefficients are obtained by minimizing 
the energy of the system via the variational method. These determinants are derived from the HF 
determinant and their occupied spin orbitals are replaced by virtual orbitals. Single, double, triple 
excitations are characterized by one, two, and three spin orbitals being replaced. Full CI method 
consists of all levels of excitation and can be thought to recover all electron correlation energy, and, if 
used at the CBS limit, can be viewed as equivalent to the exact solution for the Schrödinger equation 
under BO approximation. Due to enormous computational costs, full CI has only been limited for 
small molecular systems (i.e., up to 3 to 5 non-hydrogen atoms). In practice, one often truncates the 
CI method57 to only consist of double or triple excitations, as it often requires using large basis sets 
(at least triple ζ) to obtain accurate results. However, if used truncated, CI method loses its size-
extensivity property (i.e., energy of two non-interacting systems at infinite separations does not yield 
the sum in energy of the two systems computed separately). Generally, loss of this property was 
thought to carry negative implications for interacting systems. 
MBPT (also called the Møller-Plesset perturbation theory)58 treats electron correlation as small 
perturbation to the unperturbed HF Hamiltonian. The energy of a system can be expressed as a Taylor 
series expansion to the nth order. Usually, MBPT calculations are carried out to the second order, called 
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MP2. MP2 has been a popular post-HF method due to its modest computational cost and reasonably 
good performance. Nonetheless, MBPT results do not always improve with higher orders as increasing 
orders does not guarantee convergence of energy despite increasing in computational cost. 
CC theory59 bears some similarity to CI, as nominal excitation determinants in both methods 
are formulated from the HF determinant. The CC method differs in that it expresses the linear 
combination of the energy operators as an exponent as opposed to direct sums (in the case of CI). CC 
may also often be truncated to first or second excitation levels due to computational costs. Therein 
lies the advantage of the energy operator being in the exponential form, as expansion of the power 
series implicitly incorporates higher excitation levels. Therefore, despite their similar cost, truncated 
CC results converge towards full CI faster and generally yield more accurate results at the same 
nominal excitation level than CI methods.60 Compared to MBPT, CC results converge more rapidly 
with higher excitation, and can avoid non-convergence associated with increasing orders in MBPT. 
As a result, CC methods often are best-performing post-HF methods despite its relatively high 
computational cost. 
To reduce cost at high level excitations in CC methods, the triples contributions are usually 
approximated using MBPT instead of an iterative approach. As a result, this method, called “coupled 
cluster with singles, doubles, and perturbative triples” or CCSD(T),61,62 has become the most 
commonly-used and “gold-standard” post-HF method to date due to its excellent performance on 
intermediate-sized molecules (about 10 non-hydrogen atoms). 
Density Functional Theory 
In an ab initio method, n electrons are described by a wavefunction of 4n variables (3n for 
spatial coordinates + n for spin coordinates). In larger systems, the number of variables can become 
an issue of scaling (i.e., due to increasing molecular size of a system) as the number of electrons 
 25 
increase exponentially. Here, density functional theory (DFT) methods offer a solution as electrons 
are described instead in electron density by a wavefunction of 3n spatial variables. The DFT approach 
thereby looks at a system through its electron density as opposed to electrons themselves. Electron 
density has been demonstrated by the Hohenberg-Kohn theorem63 to be unique for a system and 
therefore can determine all of its ground-state properties. A generalized version of the theorem can 
also be applied to excited states. In general, DFT methods are much less expensive than ab initio 
methods due to their smaller costs for scaling. Additionally, their versatility and excellent performance 
on various chemical systems has led them to be one of the most widely-used quantum chemical 
methods. 
In the DFT perspective, energies (and other molecular properties) can be obtained from the 
electron density of the system using a functional operator. A functional can be thought of as a function 
of a function, which inputs a function and outputs a scalar. The major difference from an SCF energy 
calculation lies at the inclusion of kinetic energy of electrons (ET) and electron-electron exchange-
correlation energy (EXC). ET can be calculated using Kohn-Sham (KS) orbitals.64 KS orbitals were 
traditionally disputed in that they do not correspond to actual electron orbitals, nor are their energies 
real energy levels. However, they are useful in that they map systems of interacting electrons to non-
interacting electrons described by orthogonal KS orbitals. Here, ET can be calculated accordingly from 
kinetic energy functional for a system of non-interacting electrons. 
EXC cannot be calculated unambiguously from theory, but instead comes from various 
assumed functional forms. Different treatments of EXC give rise to different DFT methods, which are 
often categorized into a hierarchy. The Perdew-Burke-Ernzerhof (PBE) functional,65 for example, 
calculates EXC based on three levels: (1) the local spin density (LSD) level expressed only by electron 
density, (2) the generalized-gradient approximation (GGA) level expressed by electron density and its 
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spatial gradient, and (3) the meta-GGA level expressed by the electron density, its gradient, and the 
kinetic energy density for the occupied KS orbitals. In the present work, some calculations were 
performed at the PBE1PBE (PBE0) level of theory,66 a hybrid version of the PBE functional which 
uses 3:1 mixture of DFT to exact (computed in an HF-like manner) exchange energy. Most 
calculations were performed at the M06-2X level of theory, however. M06-2X, developed by the 
Truhlar group,67 can be classified as a hybrid meta-GGA functional and uses 54% exact exchange 
energy. In practice, M06-2X has continually gained popularity in recent years for its performance on 
main group thermochemistry and kinetics. Additionally, both PBE0 and M06-2X has previously 
demonstrated excellent performance for organomercury and inorganic mercury compounds.68,69 
In the present work, molecular properties of a species were performed in two consecutive 
steps: (1) a geometry optimization (and vibrational frequency calculation) at the DFT level of theory 
(i.e., M06-2X or PBE0), and (2) an energy calculation at the CCSD(T) level of theory to refine relative 
energies (both using the AVTZ basis set). Commonly used in quantum chemical calculations, this 
procedure leverages not only the efficient, inexpensive DFT method to obtain geometric and 
thermodynamic properties, but also the high-performing CCSD(T) method to achieve more reliable 
thermochemical and kinetic results. 
Transition State Theory 
Chemical reactions are often thought of as trajectories in the space of reactants and products. 
According to transition state theory (TST), a reaction system passes through a transition state (TS) on 
a reaction coordinate as reactants form products. TST relies on two basic assumptions: (1) that the 
TSs and the reactants from which they are formed are in local equilibrium to each other, and (2) that 
a reaction system can only pass through its TS once (no recrossing).70,71 Due to the latter assumption, 
the TS can also be referred to as a dynamic bottleneck. The subsequent sections discuss the details of 
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various formulations of TST (e.g., canonical, variational, and microcanonical) and address the validity 
and violation of these assumptions in the studied systems. 
 
Figure III-1. A saddle point (black) on a 3-dimensional surface maximizes energy in one degree of 
freedom (green) and minimizes energy in another (red). 
Rate constants are calculated from the thermochemistry of the TS, and often (in conventional 
formulations of TST) require locating a first-order saddle point on the PES (see Figure III-1).72 A 
first-order saddle point maximizes energy in the minimum energy path (MEP) connecting the reactant 
and the product, while being a minimum along all other degrees of freedom perpendicular to the MEP. 
In practice, harmonic vibrational frequencies are usually computed to verify the identity of a TS based 
on the presence of one single imaginary frequency mode (force constant, k < 0) whose motion 
correlates to the degree of freedom of the MEP. 
Canonical Transition State Theory 
In canonical transition state theory (CTST), a reaction must possess a saddle point on its PES,72 
where the TS, by definition, lies perpendicular to the MEP. CTST computes rate constants via: 
 kCTST(T) = (kBT/h) exp(-ΔG†(T)/RT) (III-3) 
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where kB, h, and R are the Boltzmann’s constant, Planck’s constant, and the gas constant, respectively, 
and ΔG†(T) is the molar Gibbs free energy of activation (i.e., between TS and reactants). 
CTST often captures reasonably accurate rate constants as compared to experiments. A 
reaction path degeneracy term may be needed to account for optical isomers (rotational symmetry 
numbers are usually taken into account in computing ΔG†). Additionally, tunneling effect can be 
included by multiplying a temperature-depending coefficient (T). Errors in kCTST (at atmospherically 
relevant temperatures), however, mostly arise from accuracy of barrier heights used in calculation of 
ΔG†. 
The main theoretical issue of CTST lies at its non-recrossing assumption, for selecting the 
saddle point as a reaction TS does not guarantee minimum recrossing on the reaction coordinate. 
Molecular dynamic simulations have demonstrated that a significant number of trajectories can cross 
and recross the TS multiple times. The subsequent section discusses the variational approach to TST 
as a simple and efficient method to minimize recrossing. 
Variational Transition State Theory 
Variational transition state theory (VTST) offers a practical improvement to CTST to 
minimize the effect of recrossing at the TS. As any location beside the TS can introduce significant 
recrossing due to entropic effects, it may be more advantageous to select the TS instead by directly 
minimizing reaction flux (i.e., maximizing Gibbs free energy of activation) (see Figure III-2).71 VTST 
introduces one additional step to CTST in which kCTST are computed at various points along the MEP. 
The minimum rate constant found on the MEP determines the variational rate constant, kVTST, and its 
location corresponds to the variational TS of the reaction: 
 kVTST(T) = min 
s
 kCTST(s, T) where s is the reaction coordinate (III-4) 
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Not only does the variational approach improve CTST in a practical manner (performing a 
one-dimensional search in coordinate space), it must be used instead of CTST in cases where saddle 
points do not exist on the MEP. Radical-radical recombination reactions, for example, are often 
barrierless and, therefore, their rate constants can be calculated using VTST.73,74 Additionally, 
variational effect can often be expressed as a coefficient: 
 VTST(T) = kVTST(T)/kCTST(T) (III-5) 
 
Figure III-2. Canonical (blue) and variational (red) interpretations of the TS location and their 
determination of the molar Gibbs free energy of activation (ΔG†). 
Rice-Ramsperger-Kassel-Marcus Theory 
In CTST, energy distribution of species (e.g., reactants, TSs) can be modeled using a 
Boltzmann distribution due to the local-equilibrium assumption. In many systems, however, reactions 
can occur with non-equilibrium distribution of energy (e.g., chemically activated reactions). As a result, 
Rice-Ramsperger-Kassel-Marcus (RRKM) theory75 offers an alternative by expanding the canonical 
(temperature-dependent) treatment of a system into a microcanonical (energy-dependent) one. 
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RRKM theory treats reaction systems as a microcanonical ensemble. In a microcanonical 
distribution, the number of states and density of states, at a given energy E, are quantities of interest, 
and a microcanonical rate constant, kRRKM(E), can be computed as a function of energy of a reactant 
molecule: 
 kRRKM(E) = N‡(E – E0)/hρ(E) (III-6) 
where N‡(E – E0) is the number of states of the TS, ρ(E) is the density of state of the reactant, and h 
is the Planck’s constant. Additionally, an inverse Laplace transform (ILT) can be used to estimate 
kRRKM should a kCTST be known for the same reaction. As a result, ILT provides a method to compute 
k(E) in cases where molecular energy levels of the TS may not be available. Nonetheless, ILT should 
be used with care as the method has been demonstrated to be highly sensitive to the accuracy of kCTST 
over a wide temperature range. 
RRKM relies on the assumption that energy within a molecule gets redistributed among all 
other modes before furthering reactions, i.e., fast intramolecular vibrational energy redistribution (fast 
IVR).76 IVR arises from the notion that a minimum amount of energy must be localized in specific 
modes of vibration for a unimolecular dissociation to occur (RRK theory), and that only non-fixed 
energy (i.e., excluding zero-point energy and translational energy) can flow intramolecularly. Fast IVR 
assumption, however, breaks down for pre-reactive complexes (PRCs).77–81 In other words, 
redistribution of energy among vibrational modes proceeds slower than reactions for these species. 
Pre-Reactive Complex 
PRCs are formed due to the long-range intermolecular interactions between reactants. A PRC 
(species A···B in reaction III-7) divides the PES into two TS regions: an outer region corresponding 
to long-range interactions between the isolated fragments, and an inner region where bonds between 
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the fragments are formed. As discussed elsewhere,82 the inner TS generally, depending on the PRC 
depth, gains importance as temperature increases, and vice versa, the outer TS becomes important as 
temperature decreases. Treating these systems often requires a unified statistical model (a two-TS 
model),83 which microcanonically accounts for the presence of multiple TSs along the same reaction 
path. 
In the present work, for the BrHgO• + C2H4 and BrHgO• + HCHO reactions, PRCs are 
formed prior to a reaction barrier (see Figure III-3): 
 A + B ←→ A···B → AB (III-7) 
As PRCs are formed chemically activated, multiple processes can compete with each other: vibrational 
relaxation, dissociation back to reactants, and formation of product. A multi-step, multi-species system 
can be treated using Master Equation (ME) simulations in addition to RRKM theory. Specifically, the 
MultiWell Program Suite84,85 uses the stochastic approach (i.e., Monte Carlo sampling) to simulate 
energy transfer and chemical reaction flux over a user-defined period of time. The precision of 
simulated species concentration profiles increases as the number of simulations increases. Note that 
although slow IVR can be specified for these reactions, there exists no available (experimental or 
theoretical) parameters describing IVR for the PRCs studied in the present work. As a result, I 
assumed all PRCs to possess fast IVR in the ME simulations. Additionally, the TSs in the simulations 
with PRCs were treated individually (i.e., non-interacting). 
Pressure-Dependence of Rate Constants 
Many simple bimolecular reactions depend not only on temperature, but also on pressure 
(molecular density or concentration of air molecules [M]) and the properties of the species comprising 
this molecular density. A PRC formed from reactants may be quenched by bath gas collisions before 
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furthering to products (see Figure III-3), and these processes must be accounted for in computing 
rate constants. Moreover, this stabilization can be important in a certain temperature range and trivial 
in others. 
 
Figure III-3. Representation of simultaneous processes in a reaction involving a PRC. Energized 
PRCs formed by reactants (with displayed energy distribution) may dissociate to reactants (red), 
overcome barrier to products (blue), or be stabilized by bath gas collisions (orange). The arrow size 
corresponds generally to the speed of these processes at these energy levels. 
Pressure-dependent rate constants, k([M], T), for the BrHgO• + C2H4 and BrHgO• + HCHO 
reactions were computed in two steps: (1) determining kVTST(T) for the PRC-forming step, and (2) 
using ME simulations (via the MultiWell Program Suite) to determine effective (overall) bimolecular 
rate constants. The first step was discussed previously. For the second step, simulations were initiated 
with chemically activated PRCs, which were allowed to dissociate to isolated reactants or overcome 
barriers to form products. At each temperature and pressure simulated, the fraction of PRCs going on 
to react, f([M], T), was used to calculate the effective rate constant according to: 
 k([M], T) = kVTST(T) × f([M], T) (III-8) 
Bifurcation 
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A bifurcation exists when the reaction paths are one and the same at first but diverge after 
overcoming an initial barrier all within a one-step mechanism (see Figure III-4). The splitting of 
reaction paths (at the bifurcation point) without an intervening intermediate strongly points towards 
the existence of a bifurcating surface.86 Generally, the shape of the PES and dynamics affect the 
bifurcation kinetics,87 but decisive factors controlling branching ratios of products in a bifurcation are 
not yet fully understood and are an current active field of research in chemical kinetics. It has been 
observed that products can be formed in equal amounts if the product-forming paths on the PES are 
symmetrical. Otherwise, a non-equal ratio can be expected. 
 
Figure III-4. Example of a symmetric bifurcation surface on which the reaction proceeds by 
overcoming an initial TS (TS1) and form products via two identical paths (arrows). VRI indicates the 
bifurcation point splitting the paths, and the two products are connected via a saddle point (TS2). 
Image adapted from Ess et al.87 
There are more discussions about bifurcation in the literature of solution-phase organic 
reactions88–90 than of gas-phase reactions.91 In the present work, the gas-phase BrHgO• + HCHO 
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reaction features a bifurcation in which two distinct PRCs are formed from asymmetrical reaction 
paths. Computing rate constants for this system presents two challenges: (1) the PRCs are not likely 
to exhibit fast IVR as previously discussed,77–81 and (2), more generally, bifurcation dynamics are not 
fully understood and would require expensive dynamical calculations to study. Details on my treatment 
of the bifurcation are detailed in Chapter V.
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CHAPTER IV. COMPUTATIONS ON THE PHOTOLYSIS OF BrHgONO AND THE 
REACTIONS OF BrHgO• WITH CH4, C2H6, NO, AND NO2: IMPLICATIONS FOR 
FORMATION OF Hg(II) COMPOUNDS IN THE ATMOSPHERE 
INTRODUCTION 
Mercury (Hg)—a neurotoxic pollutant which damages both human health and ecosystems, 
globally—exists in the atmosphere predominantly in its elemental form (Hg(0), GEM).9 Only a modest 
fraction of atmospheric mercury exists in the form of gaseous oxidized mercury compounds (GOM, 
mostly Hg(II)), because they readily undergo dry and wet deposition to soil and water.92,93 Upon 
entering ecosystems, these compounds can be transformed into organomercury compounds which 
subsequently bioaccumulate up the food chain and may ultimately be consumed by humans. There 
exists only operational definition for GOM compounds, and their chemical identities are not known. 
Laboratory experiments on gas-phase mercury chemistry are challenging, mainly due to the tendency 
for surfaces to catalyze reactions and trap relatively nonvolatile reaction products. As a result, the 
kinetics and mechanism of mercury oxidation in the gaseous atmosphere remain highly uncertain. This 
ignorance has created substantial uncertainties in global models of the fate and transport of mercury.5 
Atomic bromine (Br•) has been strongly suggested by modeling and field studies12,13 to initiate 
GEM oxidation in the marine boundary layer and during atmospheric mercury depletion events in the 
Polar Regions. Some modeling efforts13,18,19 further argue that the oxidation initiated by Br• alone can 
account for GEM oxidation, globally. Additionally, both experiments17 and computations14,15 support 
the kinetics and thermodynamics of the initiating step: 
 Hg + Br• + M ←→ BrHg• + M (IV-1) 
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where M is another molecule in the gas phase. Despite its relatively weak bond (15.5 kcal mol-1),94 
BrHg• can react with other radical species in the atmosphere before dissociating. No experimental 
evidence exists on the subsequent chemistry of BrHg•, however. Until recently, only two reactions 
have been included in atmospheric models: the barrierless reactions with Br• and •OH to form the 
stable gas-phase compounds HgBr2 and BrHgOH.14 
Dibble et al.20 argued that the barrierless additions of several radicals to BrHg•: 
 BrHg• + NO2 + M ←→ syn-BrHgONO + M (IV-2) 
 BrHg• + HO2 + M ←→ BrHgOOH + M (IV-3) 
are much more relevant for BrHg• in the global atmosphere than reaction with •OH and Br•, due to 
the much higher concentrations of NO2 and HO2. Coburn et al.95 used fieldwork and modeling to 
determine that inclusion of these reactions enormously increased the rate of GEM oxidation in the 
troposphere. Subsequently, Dibble and Jiao37 computed and confirmed their high rate constants as a 
function of temperature and pressure. More recently, using these rate constants, Ye et al.38 
demonstrated improvements in the performance of the CMAQ regional model, reproducing for the 
first time the distinct pattern of a GOM daytime maximum at their marine site. Horowitz et al.18 
incorporated these rate constants in the GEOS-CHEM global model, and improved previous 
predictions of latitudinal gradients of GOM deposition fluxes. They also confirmed that NO2 and 
HO2 dominate the oxidation of BrHg• globally. Computations by Dibble and Schwid39 ruled out 
reactions with most volatile organic compounds (VOCs) due to unfavorable thermodynamics. All in 
all, these results suggest syn-BrHgONO (and BrHgOOH) to be the major GOM species produced by 
GEM oxidation from Br•. 
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Saiz-Lopez et al.,44 in a recent work, computed ultraviolet absorption cross-sections for various 
postulated GOM species including syn-BrHgONO (and BrHgOOH) using the CASSCF/MS-
CASPT2/SO-RASSI level of theory. They demonstrated that syn-BrHgONO can undergo photolysis 
at fast timescales in the troposphere (annually and globally averaged lifetime of ~20 minutes assuming 
a quantum yield of unity). In their atmospheric modeling, BrHgONO photolysis was assumed, based 
on photodissociation pathways of HgBr2,96,97 to produce BrHg• or Hg(0). In the present work, we use 
computational chemistry to demonstrate that the photolysis of syn-BrHgONO occurs via a different 
route: 
 syn-BrHgONO + hν → BrHgO• + NO (IV-4) 
and that this pathway occurs rapidly in lowermost atmosphere (~30 minutes under clear sky 
conditions). The fast timescale also suggests BrHgO• to be an important intermediate in GEM 
oxidation. No experimental data exists on BrHgO•, but Balabanov and Peterson21 used CCSD(T) 
calculations to determine that it possesses strong Br–Hg (60 kcal mol-1) and Hg–O bonds (70 kcal 
mol-1). We thereby infer that BrHgO• decomposes slowly in the gas phase, so that it exists long enough 
to react further with atmospheric trace gases. 
The present work explores two types of reactions of BrHgO•: hydrogen abstraction from two 
model alkanes (CH4 and C2H6) and addition to NO and NO2: 
 BrHgO• + CH4 → BrHgOH + •CH3 (IV-5) 
 BrHgO• + C2H6 → BrHgOH + •C2H5 (IV-6) 
 BrHgO• + NO → syn-BrHgONO (IV-7) 
 BrHgO• + NO2 → BrHgONO2 (IV-8) 
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In particular, we report the potential energy profiles for all four reactions and the rate 
constants for the reactions with CH4 and C2H6. Additionally, we assess the likely fates of BrHgOH 
and BrHgONO2 in the atmosphere, and provide directions for future research on the chemistry of 
BrHgO•. 
METHODS 
The standard Dunning correlation consistent basis sets aug-cc-pVXZ (X = D, T, Q)51,52 were 
used for hydrogen, carbon, oxygen, and nitrogen atoms. The small-core Stuttgart/Cologne scalar 
relativistic pseudopotentials for Br (10 electrons) and Hg (60 electrons)53,54 were used in conjunction 
with the corresponding aug-cc- pVXZ (X = D, T, Q) basis sets for the electrons treated explicitly. We 
refer to this combination of basis set as AVXZ (X = D, T, Q) hereafter. Although these basis sets 
with pseudopotentials may not be sufficient in describing systems with strong spin-orbit couplings,55 
no bonds to the Br or Hg are broken in the ground- or excited-state chemistry considered here. As a 
result, we expect spin-orbit contributions to the relative energies to be small. 
Time-dependent density functional theory (TD-DFT)98 was used as a starting point to 
characterize excited states of syn-BrHgONO using Gaussian 09 revision D.01.99 Results were refined 
using the equations of motion (EOM) variant100 of the coupled cluster singles and doubles (CCSD) 
method101 using CFOUR.102 Vertical excitation energies and oscillator strengths for the four lowest-
lying excited states of A′ and A″ symmetry were at both PBE1PBE (PBE0)/AVTZ66 and 
CCSD/AVTZ from the ground state geometries computed at the same level of theory. The structure 
and vibrational frequencies of the lowest-lying singlet excited state (S1) were computed at TD-
PBE0/AVTZ and EOM-CCSD/AVTZ. 
Studies of the thermal reactions of BrHgO• were performed using Gaussian 09 revision D.01. 
Geometry optimizations were performed on all stationary points (reactants, products, and saddle 
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points) at M06-2X/AVTZ.67 Harmonic frequencies were computed using analytical second derivatives 
to verify local minima (all real frequencies) or transition states (one imaginary frequency). Unscaled 
harmonic vibrational frequencies were used to compute zero-point vibrational energies (ZPE). The 
optimizations at the M06-2X level of theory used a pruned “ultrafine” grid of 99 radial shells with 590 
angular points per shell. Calculations for open-shell species were performed with the spin unrestricted 
formalism. Energies of all stationary points were refined using CCSD with perturbative triples 
(CCSD(T)) method62 in conjunction with the AVTZ basis set. CCSD(T) calculations were performed 
with the frozen core approximation, in which only the molecular orbitals of Hg (5d6s), Br (4s4p), C 
(2s2p), O (2s2p), N (2s2p), and H (1s) electrons were correlated; for Hg and Br, these definitions of 
the frozen core are not the defaults in Gaussian 09. Unless otherwise specified, all relative energies 
reported in the present work for reactions of BrHgO• were computed at CCSD(T)//M06-2X/AVTZ.  
Relative energies reported are at 0 K and corrected with ZPE, and therefore are equivalent to 
enthalpy changes at 0 K. Rate constants, kCTST(T), for reactions IV-5 and IV-6 were computed using 
canonical transition state theory (CTST), given by: 
 kCTST(T) = (T)(kBT/h) exp(-ΔG†(T)/RT) (IV-9) 
where kB, h, and R are Boltzmann’s constant, Planck’s constant, and the ideal gas constant, 
respectively; ΔG†(T) is the molar Gibbs free energy of activation; and (T) is the tunneling coefficient. 
Changes in Gibbs free energies were computed using the rigid rotor and harmonic oscillator 
approximations. Rate constants were refined using variational transition state theory (VTST), in which 
canonical rate constants were calculated for multiple points along the minimum energy path (MEP). 
The minimum rate constant found along the MEP corresponds to the variational rate constant, 
kVTST(T). As rotational symmetry numbers were the default in the Gibbs free energy calculations and 
none of the reactants or saddle points possess optical isomers, equation IV-9 does not need a separate 
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term for reaction path degeneracy. Tunneling was calculated using the asymmetric Eckart potential 
for reaction IV-5 only. The neglect of tunneling in reaction IV-6 is justified in the Results and 
Discussion. All rate constants were reported in the temperature range of 200 K ≤ T ≤ 2000 K, which 
covers both the lowest temperature typical of the troposphere and high temperatures relevant to 
mercury oxidation in coal combustion. 
The kinetics of the additions of BrHgO• to NO and NO2 was not computed in the present 
work. Treating the strong electron correlation of these bond-forming processes would require a 
multireference approach coupled with a large basis set. Given the absence of experimental data with 
which to evaluate the accuracy of these computationally demanding calculations, computed rate 
constants might not be more reliable than educated guesses; these guesses are provided in the Results 
and Discussion. 
RESULTS AND DISCUSSION 
BrHgONO Excited States 
EOM-CCSD/AVTZ values of the vertical excitation energies of the four lowest singlet states 
of syn-BrHgONO are listed in Figure IV-1, along with the adiabatic excitation energy to S1. For 
comparison purposes, Figure IV-1 includes the analogous results for the lowest energy (trans) isomer 
of HONO. The Appendix I lists the same information at PBE0/AVTZ. From Figure IV-1, one can 
see that BrHgONO, similar to HONO, possesses a first singlet excited (S1) state of A″ symmetry 
which absorbs at wavelengths that reach the lowermost atmosphere (λ > 300 nm, corresponding to 
energies less than ~4.1 eV). For HONO, the computed vertical excitation energy of 3.57 eV (347 nm) 
at EOM-CCSD is in good agreement with experiment, although precise comparisons are difficult due 
to the strong vibrational structure of the spectrum.103,104 For BrHgONO, the corresponding state has 
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a vertical excitation energy of 3.95 eV (314 nm). The computed adiabatic excitation energies of 
BrHgONO and HONO are 3.49 eV and 3.36 eV, respectively. 
Table IV-1. EOM-CCSD/AVTZ vertical excitation energies (VEE, in eV, with adiabatic values in 
parentheses for the S1 state only) and oscillator strengths, f, for the lowest energy conformer of 
BrHgONO and HONO. 
State syn-BrHgONO trans-HONO VEE f VEE f 
1 A″ 3.95 (3.49) 8.6 × 10
-4 3.57 (3.36) 1.0 × 10
-3 
2 A′ 5.20 1.0 × 10-2 6.95 4.0 × 10-2 
2 A″ 5.22 1.3 × 10-2 7.63 5.4 × 10-4 
2 A′ 5.63 4.7 × 10-2 7.64 5.0 × 10-2 
 
Computations and experiments indicate that the S1 state of HONO dissociates via a modest- 
to no-barrier process at ultrafast timescales.105–107 Using TD-DFT, we find two transition states for 
BrHgO–NO bond fission, one each of syn and anti conformation with respect to the HgONO dihedral 
angle. Their structures, together with that of the ground and S1 state of syn-BrHgONO, are depicted 
in Figure IV-1. Computed barrier heights (without ZPE) are 1.2 kcal mol-1 (anti) and 2.7 kcal mol-1 
(syn) at TD-PBE0/AVTZ. In the present work, barrier heights refer to the energy threshold to reaction 
without ZPE, whereas critical energies refer to the ZPE-included value. Using EOM-CCSD/AVTZ, 
a rigid scan of the BrHgO–NO coordinate suggests the near-absence of a barrier to dissociation. By 
comparison, CASPT2 calculations on HONO reported in the literature showed either no barrier (at 
CISD+Q) or a minuscule barrier (0.15 kcal mol-1 at CASPT2).106 Similarly low barriers have been 
reported for CH3ONO dissociation.108,109 Our TD-DFT calculations showed a barrier of 3.7 kcal mol-
1 for HONO and 1.2 kcal mol-1 for syn-BrHgONO. All these lines of evidence point to the conclusion 
that photoexcitation of BrHgONO to the S1 state results in dissociation with a quantum yield of unity 
to break the BrHgO–NO bond, analogous to the photodissociation of HONO. 
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Figure IV-1. Structures of the (a) ground and (b) first singlet excited state (S1) of BrHgONO, and 
structures of the transition states for dissociation of the (c) syn and (d) anti conformers of the S1 state. 
Distances are listed in Å and angles in degrees. Bold font indicates structural data at CCSD or EOM-
CCSD results while normal font indicates PBE0 or TD-PBE0 results. All structures were computed 
using the AVTZ basis set. 
Although it would be interesting to compute the structure of the absorption spectrum of 
BrHgONO in detail, it is clear that experiment and theory have yet to provide good agreement for the 
width of the vibrational structure in HONO.106,110 In addition, the heavy atoms present in BrHgONO 
would necessitate treatment of spin-forbidden transitions to the first triplet excited state. At this time, 
we choose a more heuristic approach: we approximate the spectrum of BrHgONO as the spectrum 
of HONO blue-shifted by the 33-nm difference in the vertical excitation energies of the two 
molecules. Given the similarity of the absorption spectrum of HONO with that of FNO and organic 
nitrites (RONO), we feel this approximation is quite reasonable. HONO has a photolysis lifetime of 
about 13 minutes under clear sky conditions at a solar zenith angle of 40 degrees. Were its spectrum 
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blue-shifted by 33 nm, its photolysis lifetime under the same conditions would be roughly 22 minutes. 
The oscillator strength for HONO is about 20% larger than that for BrHgONO. Accounting these 
two factors, the photolysis lifetime of BrHgONO under these conditions may be crudely estimated as 
30 minutes. A recent paper by Saiz-Lopez et al.44 suggested a very similar photolysis lifetime for 
BrHgONO, but did not provide peak assignments. For excited state determinations, spin-orbit effects 
may be introduced due to multi-state mixing, however, the S0 → S1 transition of nitrites corresponds 
to a n → π*  transition of the N=O group,111 so the effect of spin-orbit coupling on the transition 
energy should be small. Note, however, that our photolysis lifetime neglects any intensity due to 
transitions from the ground to the first triplet state. Given that almost all non-radical trace gases in 
the atmosphere have lifetimes of hours to days with respect to reactions other than photolysis,112 we 
expect that photolysis dominates the fate of BrHgONO in the atmosphere. This conclusion is 
insensitive to the uncertainties in the approach used here to compute the photolysis lifetime of 
BrHgONO. 
BrHgO• + CH4 Reaction 
To verify the accuracy of our computational approach in the absence of experimental data on 
BrHgO• kinetics, we examined the analogous reaction •OH + CH4 → HOH + •CH3. Our goal was 
to select a method for geometry optimizations and frequencies that obtains a good barrier height and 
reaction enthalpy. We considered M06-2X and PBE0 due to their excellent performance for 
organomercury compounds69 and in our previous research on inorganic mercury compounds.68 
Additionally, we tested the higher level CCSD/AVTZ approach. Figure IV-2 compares relative 
energies for the •OH + CH4 system computed with few theoretical methods to various highly accurate 
results by Ellingson et al.113 M06-2X performed much better than PBE0 and CCSD with regard to 
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both barrier height and reaction enthalpy at 0 K. Consequently, we performed geometry optimizations 
of all species at M06-2X/AVTZ and refined their energies at CCSD(T)/AVTZ. 
 
Figure IV-2. Barrier heights (without ZPE) for the •OH + CH4 reaction computed with few 
theoretical methods (green) using the AVTZ basis set compared to benchmark results from Ellingson 
et al.113 (red). Values reported by Hashimoto et al.114 (blue, using the AVTZ basis set) display the 
benefit of refining energies using the CCSD(T) level of theory. 
Figure IV-3 displays the potential energy profile and Table IV-2 lists the relative energies of 
stationary points for the BrHgO• + CH4 reaction. BrHgO• abstracts a hydrogen atom from CH4 by 
overcoming a modest energy barrier of 2.6 kcal mol-1 at CCSD(T)//M06-2X/AVTZ. Figure IV-4 
displays the structures of reactants, products, and saddle point of the BrHgO• + CH4 reaction and 
Table IV-3 lists the vibrational frequencies and IR intensities of BrHgOH at M06-2X/AVTZ. As 
depicted in Figure IV-4, upon going from BrHgO• to the closed-shell BrHgOH, the BrHgO angle 
deviates from linearity by 3°, and the lengths of Br–Hg and Hg–O bonds only change by ~0.001 Å. 
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computed harmonic stretching frequency of 249 cm-1 for the Br–Hg bond agrees with the 
experimental frequency of 238 cm-1 reported by Clarke et al.115 
 
Figure IV-3. ZPE-corrected relative energies for the BrHgO• + CH4 and BrHgO• + C2H6 reactions 
at CCSD(T)//M06-2X/AVTZ. Energies are listed for both conformers of the saddle point for the 
BrHgO• + C2H6 reaction. The values in brackets are energies at M06-2X/AVTZ. 
Table IV-2. Reaction enthalpies at 0 K (ΔHr, in kcal mol-1) and critical energies (E0, in kcal mol-1) for 
the BrHgO• + CH4 and BrHgO• + C2H6 reactions using the AVTZ basis set. The two conformers of 
the saddle point for the BrHgO• + C2H6 reaction possess Φ[HgOCC] of 0° and 180°. CCSD(T) 
energies are obtained at the M06-2X/AVTZ geometries. 
 ΔHr (0 K) E0 
M06-2X CCSD(T) M06-2X CCSD(T) 
BrHgO• + CH4 → 
BrHgOH + •CH3 
-10.3 -10.8 3.6 2.6 
BrHgO• + C2H6 → 
BrHgOH + •C2H5 
-14.5 -14.2 +0.5 (Φ = 0°) +0.8 (Φ = 180°) 
-0.6 (Φ = 0°) 
-0.7 (Φ = 180°) 
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Figure IV-4. Reactants, products, and saddle point for the BrHgO• + CH4 reaction at M06-
2X/AVTZ. Distances are listed in Å and angles in degrees. 
Table IV-3. Vibrational modes, symmetries, harmonic frequencies (ν~, in cm-1), and integrated 
absorption intensities (S, in km mol-1) of BrHgOH at M06-2X/AVTZ. 
Mode description Symmetry ν~ S 
BrHgO in-plane bend A′ 122 6.28 
BrHgO out-of-plane bend A″ 124 0.17 
BrHg stretch A′ 249 9.72 
HgO stretch A′ 595 90.0 
HgOH in-plane bend A′ 907 44.4 
OH stretch A′ 3890 88.5 
 
To determine the BrHgO–H bond dissociation energy, we considered these isodesmic reactions: 
 BrHgO• + H2O → BrHgOH + •OH (IV-10) 
 BrHgO• + CH3OH → BrHgOH + CH3O• (IV-11) 
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Averaged over these two reactions, the BrHgO–H bond possesses a dissociation energy of 114.5 ± 
0.3 kcal mol-1 (at CCSD(T)//M06-2X/AVTZ, 0 K), only 2.8 kcal mol-1 lower than that of HO–H, but 
higher by a full 10.3 kcal mol-1 than that of CH3O–H. The Appendix I provides the computed energies 
and literature data on enthalpies of formation used to calculate the bond dissociation energy. 
Figure IV-5 displays the basis set effect on the CCSD(T) barrier heights for the •OH + CH4 and 
BrHgO• + CH4 reactions. In both systems, increasing the basis set from AVDZ to AVTZ lowered 
the CCSD(T) barrier by less than 0.1 kcal mol-1. In hydrogen abstraction by •OH, extending the basis 
set from AVTZ to AVQZ lowered the barrier by only 0.08 kcal mol-1. The minimal change in barrier 
upon increasing from AVTZ to AVQZ in the •OH system, along with the similar trends of the 
BrHgO• and •OH systems, suggest that little benefit could be gained from computing the 
CCSD(T)/AVQZ energy of the saddle point for the BrHgO• + CH4 reaction. The CCSD(T) rate 
constants computed by Hashimoto et al.114 have, however, overestimated the experimental result by 
one order of magnitude at 298 K, consistent with their barrier height being 1.3 kcal mol-1 lower than 
the benchmark values reported by Ellingson et al.113 (see Figure IV-2). Consequently, one may 
reasonably expect our results for the BrHgO• + CH4 reaction to underestimate the barrier height by 
a similar amount, leading to an overestimate of rate constants. 
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Figure IV-5. Critical energies (ZPE-corrected, in kcal mol-1) for the •OH + CH4 reaction adapted 
from Hashimoto et al.114 (red, at CCSD(T)//MP2) compared to those of the BrHgO• + CH4 reactions 
(blue, at CCSD(T)//M06-2X). 
Figure IV-6 displays the rate constants as a function of temperature for the BrHgO• + CH4 
reaction and Table IV-4 lists the canonical rate constants along with corrections for the variational 
effect and Eckart tunneling correction. At 298 K, BrHgO• abtracts a hydrogen from CH4 at a rate 
constant of 2.3 × 10-13 molecules cm-3 s-1, approximately 30 times faster than •OH + CH4. The 
variational effect significantly lowers the rate constants; kVTST/kCTST ranges from 0.63 to 0.89 at 200 K 
and 2000 K, respectively. The position of the variational transition states, sVTST, were found on the 
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Figure IV-6. Variational rate constants (kVTST, in cm3 molecule-1 s-1) for the BrHgO• + CH4 (red circle) 
and BrHgO• + C2H6 (blue square) reactions at CCSD(T)//M06-2X/AVTZ. Rate constants for the 
BrHgO• + CH4 reaction include Eckart tunneling correction, whereas those for the BrHgO• + C2H6 
do not. 
Table IV-4. Temperature dependence of the variational transition state position (sVTST, in a0), 
canonical rate constants (kCTST, in cm3 molecule-1 s-1), variational (kVTST/kCTST) and Eckart tunneling 
( Eckart) corrections, and effective rate constants (kEckart + VTST) for the BrHgO• + CH4 reaction at 
CCSD(T)//M06-2X/AVTZ. Values in parentheses are exponents of 10. 
T (K) sVTST kCTST kVTST/kCTST Eckart kEckart + VTST 
200 -0.1048 6.3 (-15) 0.63 14.71 5.9 (-14) 
225 -0.0943 1.4 (-15) 0.69 9.03 8.8 (-14) 
250 -0.0838 2.7 (-14) 0.73 6.26 1.2 (-13) 
275 -0.0733 4.8 (-14) 0.76 4.73 1.7 (-13) 
298 -0.0733 7.5 (-14) 0.78 3.86 2.3 (-13) 
333 -0.0629 1.3 (-13) 0.81 3.04 3.3 (-13) 
500 -0.0524 9.3 (-13) 0.86 1.72 1.3 (-12) 
1000 -0.0419 1.6 (-11) 0.89 1.17 1.6 (-11) 
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Tunneling effect significantly increases BrHgO• + CH4 canonical rate constants at low 
temperatures (by factors of 15 and 3 at 200 K and 333 K, respectively). The extent of Eckart tunneling 
depends largely on the magnitude of the imaginary frequency at the saddle point. For the •OH + CH4 
system, the imaginary frequency magnitude depends largely on the level of theory (982i and 1422i cm-1 
at M06-2X/AVTZ and UCCSD(T)-F12a/AVTZ116, respectively), whereas that for the BrHgO• 
system remains reasonably method-independent (~1300i cm-1). It should be noted, however, that 
Eckart tunneling does not suffice compared to small-curvature tunneling (SCT) for the •OH + CH4 
reaction.113,116,117 As a result, we do not expect Eckart tunneling to be sufficient in treating tunneling 
effect in the BrHgO• + CH4 reaction. 
BrHgO• + C2H6 Reaction 
Figure IV-3 displays the potential energy profile and Table IV-2 lists the relative energies of 
stationary points for the BrHgO• + C2H6 reaction. BrHgO• may abstract a hydrogen atom from C2H6 
to form BrHgOH via two saddle points of Cs symmetry. Figure IV-7 depicts the structure of these 
saddle points along with that of C2H6 and C2H5•. One saddle point possesses a folded geometry 
(Φ[HgOCC] = 0°), whereas the other displays an extended geometry (Φ[HgOCC] = 180°). CCSD(T) 
barrier heights (without ZPE) for the saddle points are positive, as do those computed at the M06-2X 
level of theory. Their CCSD(T) critical energies (ZPE-included) are negative, however. Our kinetics 
calculations used the negative CCSD(T) barrier heights and neglected tunneling. Because the two 
saddle points lead to the same products, their variational rate constants were added to give an effective 
rate constant. 
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Figure IV-7. Reactants, products, and both conformers of the saddle point for the BrHgO• + C2H6 
reaction at M06-2X/AVTZ. Distances are listed in Å and angles in degrees. 
Figure IV-6 displays the rate constants as a function of temperature for the BrHgO• + C2H6 
reaction and Table IV-5 lists the rate constants along with the contributions and variational effects 
of both saddle points. The rate constant becomes nearly temperature independent at lower 
temperatures (200 to 333 K), but exhibits positive curvature at higher temperatures. Rate constants 
for BrHgO• + C2H6 are significantly higher than those for BrHgO• + CH4 at almost all temperatures. 
Curiously, at 2000 K the computed rate constant for hydrogen abstraction from CH4 exceeds that 
from C2H6 by ~15%. Despite the unphysical result at 2000 K (likely due to the breakdown of the 
harmonic oscillator approximation), we are confident that rate constants computed at lower 
temperatures (T < 1000 K) are reasonable. 
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Table IV-5. Rate constants (kVTST, in cm3 molecule-1 s-1) for the BrHgO• + C2H6 reaction, along with 
the position of the variational transition state (sVTST, in a0) and variational corrections for each 
conformer of the saddle point at CCSD(T)//M06-2X/AVTZ. Values in parentheses are exponents 
of 10. 
T (K) Φ[HgOCC] = 0° Φ[HgOCC] = 180° kVTST sVTST kCTST kVTST/kCTST sVTST kCTST kVTST/kCTST 
200 -0.0111 2.0 (-12) 0.99 -0.0242 4.7 (-12) 0.94 6.5 (-12) 
225 0.0000 1.9 (-12) 1.00 -0.0121 4.6 (-12) 0.98 6.4 (-12) 
250 0.0223 1.8 (-12) 0.98 -0.0121 4.6 (-12) 1.00 6.4 (-12) 
275 0.0335 1.8 (-12) 0.96 0.0000 4.7 (-12) 1.00 6.4 (-12) 
298 0.0335 1.8 (-12) 0.94 0.0121 4.9 (-12) 0.99 6.5 (-12) 
333 0.0447 1.9 (-12) 0.91 0.0242 5.2 (-12) 0.97 6.8 (-12) 
500 0.0671 2.7 (-12) 0.81 0.0727 8.2 (-12) 0.87 9.3 (-12) 
1000 0.0895 9.4 (-12) 0.71 0.1091 3.1 (-11) 0.74 3.0 (-11) 
2000 0.1007 5.3 (-11) 0.67 0.1212 1.8 (-10) 0.68 1.6 (-10) 
 
The position of the variational transition states, sVTST, varies systematically from -0.01 to +0.10 
a0 for the folded saddle point as temperature increases from 200 K to 2000 K. Similarly, for the 
extended saddle point, sVTST varies from -0.02 to +0.12 a0 (over the same temperature range). We 
encountered a perplexing problem at large negative values of s. As depicted in Figure IV-8, there 
appear two maxima on the Gibbs free energy curve (G†max): at +0.05 and -0.11 a0. Additionally, the 
G†max at –0.11 a0 did not arise from SCF energy and enthalpy, but perhaps from the entropy terms, 
and in turn from the behavior of the vibrational modes along the reaction path. Table IV-6 lists the 
harmonic frequencies of the four lowest vibrational modes along the MEP. The frequency of the 
lowest-frequency mode changed from real to imaginary at approximately -0.07 a0. At s < -0.07 a0, this 
vibrational mode does not contribute to the entropy terms, and thereby gives rise to the G†max at -0.11 
a0. Similar behaviors have been reported for the analogous •OH + C2H6 reaction. As discussed by Hu 
et al.118 and Natanson et al.,119 low frequency modes computed along the MEP from the saddle point 
may at times become imaginary due to intermixing translational and rotational motion in the Cartesian 
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coordinates. We have, however, decided to ignore the effect of G†max at -0.11 a0 and only considered 
the variational rate constants determined near the saddle point. The variational corrections to the 
canonical rate constants were modest (< 10%) for both conformers at tropospherically relevant 
temperatures. 
 
Figure IV-8. SCF energies without ZPE (SCF, red circle), ZPE (blue square), Gibbs free energies (G, 
green diamond), and enthalpy (H, black triangle) along the MEP relative to those at the saddle point 
(s = 0) for the BrHgO• + C2H6 reaction at M06-2X/AVTZ (298 K). We only display the folded 
conformer of the saddle point here, but the problem of low-lying and imaginary frequencies exists for 
both conformers. 
Table IV-6. Harmonic frequencies of the four lowest vibrational modes along the MEP for the 
BrHgO• + C2H6 reaction at M06-2X/AVTZ. 
s (a0) ν~i (cm-1) ν~ (cm-1) ν~2 (cm-1) ν~3 (cm-1) 
-0.1674 531.451i 42.052i 40.608 100.403 
-0.1115 623.203i 28.694i 43.036 103.157 
-0.0895 669.067i 21.209i 44.130 104.221 
-0.0606 748.209i 8.448 45.502 105.719 
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0.0000 997.392i 33.297 49.706 108.868 
 
BrHgO• + NO/NO2 Reactions 
Figure IV-9 displays the potential energy profiles for the BrHgO• + NO and BrHgO• + NO2 
reactions along with the results adapted from Jiao and Dibble.37 For the barrierless addition to NO, 
BrHgO• reforms the O–N bond of 54.1 kcal mol-1 and produces its precursor BrHgONO, in either 
anti or syn conformer. Due to its stability however, syn-BrHgONO is most relevant regarding 
subsequent chemistry. The previous study has presented the structure and vibrational frequencies of 
BrHgONO at multiple levels of theory.37 As a result, they are not discussed in the present work. 
 
Figure IV-9. ZPE-corrected MEP for the BrHgO• + NO reaction along with the results adapted 
from Jiao and Dibble37 at CCSD(T)//PBE0/AVTZ and the BrHgO• + NO2 reaction at M06-
2X/AVTZ. 
Figure IV-10 displays the structures of all isomers in the BrHgO• + NO2 system and Table 
IV-7 lists the vibrational frequencies and IR intensities of BrHgONO2. BrHgO• + NO2 to form 
BrHgONO2 with a reaction enthalpy of 57.8 kcal mol-1 (at M06-2X/AVTZ). There exist two 
additional peroxynitrite conformers of the product: syn-BrHgOONO and anti-BrHgOONO, both of 
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which lie approximately 30 kcal mol-1 above the nitrate form (i.e. BrHgONO2). The syn, anti, and 
nitrate isomers in the BrHgO• + NO2 system are analogous to the cis-cis, trans-perp, and nitrate forms, 
respectively, in the •OH + NO2120 and RO• + NO2121 system. For simplicity, we refer to the cis-cis and 
trans-perp conformers of HOONO and ROONO as cis- and trans- instead. Their relative energies are 
also qualitatively comparable to their counterparts, in that the nitrate forms (i.e., BrHgONO2, 
HONO2, and RONO2) are the most stable (approximately 50 kcal mol-1 below reactants), whereas the 
syn/cis and anti/trans isomers are less stable but closer to each other (approximately -20 and -16 kcal 
mol-1 below reactants). By analogy to HOONO and ROONO, syn- and anti-BrHgOONO are expected 
to either decompose or isomerize to the stable nitrate. There exist a few structural differences between 
the BrHgOONO conformers and their counterparts: anti-BrHgOONO has a plane of symmetry but 
syn-BrHgOONO does not, whereas in the •OH system, cis-HOONO has a plane of symmetry, but 
the trans conformer does not.120 Note that, based on literature thermodynamics,21,94 the products 
BrHgOO• + NO are endothermic from BrHgO• + NO2 by ~15 kcal mol-1, suggesting that they can 
be neglected. 
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Figure IV-10. Reactants and all isomers of the product of the BrHgO• + NO2 reaction at M06-
2X/AVTZ. BrHgONO2 and anti-BrHgOONO display Cs symmetry, whereas syn-BrHgOONO 
possesses C1 symmetry. Distances are listed in Å and angles in degrees. 
Table IV-7. Vibrational modes, symmetries, harmonic frequencies (ν~, in cm-1), and integrated 
absorption intensities (S, in km mol-1) of BrHgONO2 at M06-2X/AVTZ. 
Mode description Symmetry ν~ S 
BrHgO in-plane bend A′ 62.0 2.71 
BrHgO out-of-plane bend A″ 62.2 1.49 
HgON in-plane bend A′ 145.3 7.57 
HgON out-of-plane bend A″ 147.6 1.92 
BrHg stretch A′ 247.5 2.58 
HgO stretch A′ 344.5 51.7 
NO2 bend (scissoring) A′ 741.8 2.69 
NO2 bend (rocking) A′ 791.4 13.7 
NO3 out-of-plane bend A″ 846.5 11.9 
NO stretch A′ 1035.5 356 
NO2 symmetric stretch A′ 1350.3 301 
NO2 asymmetric stretch A′ 1691.8 636 
 
 
 57  
As mentioned in the Methods section, we decided not to compute the rate constants for the 
barrierless additions of NO and NO2 to BrHgO• as part of the present work. In addition to the 
expensive cost of the computation, there exists no method to evaluate the accuracy of our rate 
constants. For the purpose of modeling BrHgO• chemistry, one may find it much more efficient, and 
perhaps no less accurate, to assume that their rate constants are equivalent to those of the analogous 
reactions CH3O• + NO + M → CH3ONO + M and CH3O• + NO2 + M → CH3ONO2 + M (2.9 × 
10-11 and 1.7 × 10-11 molecules cm-3 s-1 at 298 K and 1 atm, respectively).122 
ATMOSPHERIC IMPLICATIONS 
Because BrHgO• can abstract hydrogen atoms from sp3-hybridized carbon atoms (e.g., CH4 
and C2H6), one expects it to react with various VOCs in the atmosphere. Given a global average CH4 
concentration of 1.85 ppmv,123 BrHgO• reacts with CH4 with a pseudo-first order rate constant, k’, of 
11 s-1 at 298 K and 1 atm (k’ = k[CH4] where k is the second-order rate constant). By contrast, 
abstraction from C2H6 proceeds with a slower pseudo-first order rate constant, varying from 0.03 s-1 
up to only 0.5 s-1 at reasonable C2H6 concentrations of 0.2 ppbv and 3 ppbv,123 respectively (at 298 K 
and 1 atm). Due to its high global tropospheric concentration, BrHgO• + CH4 may dominate 
BrHgOH production via hydrogen abstraction from sp3-hybridized carbons. Rate constants for 
BrHgO• + CH4 and BrHgO• + C2H6 at tropospheric temperatures (200 K ≤ T ≤ 333 K) can be fitted 
to the Arrhenius form as listed in Table IV-8. 
Table IV-8. Arrhenius parameters (A in cm3 molecule-1 s-1 and Ea in kcal mol-1) fitted to k(T) = A 
exp(-Ea/RT) for 200 K ≤ T ≤ 333 K. Rate constants are computed at CCSD(T)//M06-2X/AVTZ. 
 A/10-12 Ea 
BrHgO• + CH4 → BrHgOH + •CH3 4.1 1.7 
BrHgO• + C2H6 → BrHgOH + •C2H5 7.1 0.04 
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Table IV-9. Contribution of four trace gases to the fate of BrHgO•. Concentrations of CH4 and C2H6 
are adapted from global averages, and NO and NO2 concentrations are seasonal averages from the 
2016 New York City Community Air Survey (NYCCAS).124 




(winter, ppb) Summer (%) Winter (%) 
CH4 2.3 × 10-13 1850 1850 35 21 
C2H6 6.5 × 10-12 3 3 2 1 
NO 2.9 × 10-11 15 40 36 57 
NO2 1.7 × 10-11 20 25 28 21 
 
As global concentrations of NO and NO2 average less than ~1 ppbv, it seems that the global 
fate of BrHgO• may indeed be dominated by hydrogen abstraction to form BrHgOH. That being 
said, studies on the kinetics of BrHgO• reactions with unsaturated hydrocarbons and oxygenated 
VOCs are needed to verify this suggestion. By contrast, in urban areas, reactions of BrHgO• with NO 
and NO2 may be competitive, as demonstrated here for New York City. Table IV-9 lists the 
contributions of CH4, C2H6, NO, and NO2 to the fate of BrHgO• using NO and NO2 seasonal 
averages from the 2016 New York City Community Air Survey (NYCCAS)124 (at 298 K and 1 atm). 
Our result suggests the extent of NO addition to BrHgO• may be comparable to (in summertime) or 
prevail over (in wintertime) hydrogen abstraction from CH4. Moreover, considering that our CCSD(T) 
barrier height for BrHgO• + CH4 may underestimate the true value by ~1 kcal mol-1 (equivalent to a 
factor of 5 in the rate constant at 298 K), we expect a much lower contribution for CH4 than presented 
here (down to 10% and 5% for summer and winter, respectively). That being said, these estimates are 
limited by two assumptions in our analysis: 
(1) Only those four trace gases contribute to the overall fate of BrHgO•: the assumption most 
likely fails due to other unexplored reactions of BrHgO• with other VOCs. 
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(2) Changes of temperature with season has no effect on rate constants: as temperature decreases, 
rate constants of hydrogen abstractions from alkanes decrease, while those of additions to NO 
and NO2 increase. That being said, the temperature dependencies of these rate constants are 
not strong: assuming temperature of 275 K (for wintertime), the contributions remain mostly 
the same (15%, 1%, 60%, 24% for CH4, C2H6, NO, and NO2, respectively). 
Regarding the fates of thermally stable products, BrHgOH may subsequently undergo wet and 
dry deposition, assuming that, similar to other GOM species, it has low equilibrium vapor pressure 
and significant aqueous solubility. For the same reason, one may reasonably expect BrHgONO2 to 
undergo wet and dry deposition, similar to HONO2 and other studied GOM species. The photolysis 
lifetime of BrHgOH was computed to be ~1 day by Saiz-Lopez et al.44 However, this lifetime seems 
fast, considering that HgBr2, with which BrHgOH shares the same major chromophore, has a lifetime 
of 12 days. It should be noted, again, that Saiz-Lopez et al. assumed syn-BrHgONO photolysis to 
produce BrHg• or Hg(0) by analogy to HgBr2, which seems inconstant with our findings for the S1 
state. Figure IV-11 displays the overall mechanism of the Hg(0) oxidation initiated by Br•, including 
the photolysis of BrHgONO and the subsequent BrHgO• chemistry. The overall atmospheric fate of 
BrHgO• cannot yet be evaluated without considering other possible reactions—including reactions 
with oxygenated VOCs and unsaturated hydrocarbons. Investigations on reactions of BrHgO• with 
alkenes, carbonyls, and aromatics are critically needed to understand the fate of BrHgO• and the 
identity of Hg(II) compounds initially formed in the atmosphere. 
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Figure IV-11. Mechanism of the GEM oxidation initiated by Br•, including the photolysis of syn-
BrHgONO and the subsequent BrHgO• chemistry. 
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CHAPTER V. BrHgO• + C2H4 AND BrHgO• + HCHO IN ATMOSPHERIC 
OXIDATION OF MERCURY: DETERMINING RATE CONSTANTS OF REACTIONS 
WITH PRE-REACTIVE COMPLEXES AND A BIFURCATION 
INTRODUCTION 
Mercury (Hg) in the atmosphere exists primarily as gaseous elemental mercury (GEM, Hg(0)) 
due to its high equilibrium vapor pressure and low aqueous solubility.9 Only after being oxidized to 
Hg(II) can mercury readily undergo deposition and enter aquatic ecosystems.1,125 Here, oxidized 
mercury compounds are transformed into organic mercury compounds and bioaccumulate up the 
food chain, damaging human health globally due to their neurotoxic effects.10 The kinetics and 
mechanism of mercury oxidation in the atmosphere are poorly understood, largely due to the near-
absence of experimental kinetic data. Consequently, this ignorance introduces large uncertainties in 
global and regional models of atmospheric mercury oxidation.5,38,126,127 
Field and modeling studies implicate atomic bromine (Br•) as the initiating oxidant of Hg(0) 
in bromine-rich environments, including the marine boundary layer and the polar regions during the 
atmospheric mercury depletion events.12,13,27 Furthermore, recent global models13,18,19 assert that 
oxidation by Br•, alone, can account for the extent of global oxidation of Hg(II) in the atmosphere. 
Experimental17 and theoretical studies14–16,128 have confirmed the potential of Br• as an oxidant and 
determined the rate constants for the initiating step: 
 Br• + Hg + M ←→ BrHg• + M (V-1) 
The subsequent chemistry of BrHg• remained relatively uncertain until recently. Given the high 
concentrations of NO2 and HO2, Dibble et al.20 proposed that the addition of BrHg• to these radicals 
dominates the atmospheric fate of BrHg•: 
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 BrHg• + NO2 → BrHgONO (V-2) 
 BrHg• + HO2 → BrHgOOH (V-3) 
Indeed, using rate constants computed by Jiao and Dibble,37 models which include these reactions 
have found improvements in model-measurement agreement of seasonal variations and deposition 
fluxes of mercury on both the regional38 and global scales.18 Notably, an extension of the CMAQ 
regional model38 reproduced for the first time the diurnal pattern of a gaseous oxidized mercury 
(GOM, mostly Hg(II)) daytime maximum at a marine site. Although other reactions of BrHg• have 
been considered (addition to Br• and •OH,14 addition to halogen oxides20,129 and ROO•,37 hydrogen 
abstraction from sp3-hybridized carbons,39 addition to sp2-hybridized carbons39), these reactions are 
much less important due to significantly lower concentrations (than NO2 and HO2)18 or due to 
unfavorable reaction enthalpies (for hydrogen abstraction and addition). These results further 
highlight BrHgONO as the major Hg(II) species produced by the bromine-initiated oxidation of 
Hg(0). 
Previous computational studies44,130 identified the dominant fate of BrHgONO: it undergoes 
photolysis on a timescale of ~30 minutes. The photolysis produces NO and BrHgO•: 
 BrHgONO + hν → BrHgO• + NO (V-4) 
BrHgO• has been theoretically calculated to possess strong bonds (60 kcal mol-1 and 70 kcal mol-1 for 
Br–Hg and Hg–O, respectively),21 enabling it to react with trace gases before dissociating. Lam et al.130 
computed rate constants for hydrogen abstraction by BrHgO• from CH4 and C2H6 (reactions V-5 and 
V-6), and suggested rate constants for BrHgO• addition to NO and NO2 (reactions V-7 and V-8). 
 BrHgO• + CH4 → BrHgOH + •CH3 (V-5) 
 BrHgO• + C2H6 → BrHgOH + •C2H5 (V-6) 
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 BrHgO• + NO → BrHgONO (V-7) 
 BrHgO• + NO2 → BrHgONO2 (V-8) 
They concluded that abstractions of hydrogen atoms from alkanes are important globally, 
although additions to nitrogen oxides may compete in urban air masses. Nonetheless, their assessment 
of the fate of BrHgO• did not consider other plausible reactions, including reactions with oxygenated 
volatile organic compounds (VOCs) and unsaturated hydrocarbons. 
In the present work, we use quantum chemistry to explore the reactions of BrHgO• with 
ethylene (C2H4) and formaldehyde (HCHO), which serve as model compounds for a range of olefins 
and carbonyl compounds: 
 BrHgO• + C2H4 → BrHgOCH2CH2• (V-9) 
 BrHgO• + HCHO → BrHgOH + •CHO (V-10a) 
 → BrHgOCH2O• (V-10b) 
We report potential energy profiles and rate constants for reactions V-9 and V-10. Additionally, we 
provide an assessment of the atmospheric fate of BrHgO•. 
METHODS 
The present study uses the same quantum chemistry methods as reported in our previous 
paper on BrHgO• reactions.130 All quantum chemistry calculations were performed using Gaussian 09 
revision D.01.99 The standard Dunning correlation consistent basis sets aug-cc-pVTZ51,52 were used 
for hydrogen, carbon, and oxygen atoms. Calculations on Br and Hg atoms used the small-core 
Stuttgart/Cologne scalar relativistic pseudopotentials corresponding to the 10 and 60 innermost 
electrons of Br53 and Hg,54 respectively. A correlation-consistent augmented triple-zeta basis set was 
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used for electrons treated explicitly. References to this combination of basis set are simplified as 
AVTZ. 
Unless specified, geometries of all stationary points (reactants, products, and saddle points) 
and all points along the minimum energy path (MEP) were optimized using the M06-2X functional.67 
Here, the MEP refers to the reaction path either mapped by the intrinsic reaction coordinate (IRC) 
calculation or by a relaxed scan of an internuclear distance. The optimizations and frequency 
calculations used a pruned “ultrafine” grid of 99 radial shells with 590 angular points per shell. The 
identities of local minima and transition states were verified based on the presence of all real harmonic 
frequencies and one imaginary frequency, respectively. For points along the MEP, projected 
frequencies for vibrations perpendicular to the MEP were computed. Zero-point vibrational energies 
(ZPE) and Gibbs free energies were computed using the harmonic oscillator and rigid rotor 
approximations with unscaled vibrational frequencies. Spin-unrestricted calculations were performed 
on open-shell species. Energies of all stationary points and selected points along the MEP were 
computed using the coupled cluster singles doubles and perturbative triples (CCSD(T)) method62 
along with the AVTZ basis set. CCSD(T) calculations only correlated electrons described by the 
atomic orbitals of Hg (5d6s), Br (4s4p), C (2s2p), O (2s2p), and H (1s). It should be noted that 
Gaussian 09 defaults to a different definition of the frozen cores of Hg and Br. 
Due to the presence of pre-reactive complexes (PRCs) in both the BrHgO• + C2H4 and 
BrHgO• + HCHO systems, rate constants for these reactions were computed in two steps. In the first 
step, temperature-dependent rate constants of the PRC-forming step, kVTST(T), were calculated in the 
high-pressure limit using variational transition state theory (VTST). kVTST(T) corresponds to the 
minimum canonical rate constant, kCTST(T), found along the MEP for forming the PRC, via: 
 kCTST(T) = (kBT/h) exp(-ΔG†(T)/RT) (V-11a) 
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 kVTST(T) = min 
s
 kCTST(s, T) (V-11b) 
where kB, h, and R are the Boltzmann’s constant, Planck’s constant, and gas constant, respectively, 
ΔG†(T) is the molar Gibbs free energy of activation, and s is the position along the reaction coordinate. 
To determine effective second-order rate constants k([M], T) as a function of number density 
of gas particles (pressure) and temperature, Master Equation simulations were carried out using the 
MultiWell Program Suite.84,85 These simulations were initiated with chemically activated PRCs, whose 
initial energy distribution was convolved with kVTST for the PRC-forming step. These PRCs were 
allowed to dissociate to isolated reactants or overcome barriers to form products. Microcanonical rate 
constants k(E) were computed using Rice-Ramsperger-Kassel-Marcus (RRKM) theory. For both 
dissociation of PRCs, these rate constants were treated using the quasi-microcanonical approximation. 
In other words, the position of the canonical variational transition state was used to compute 
k(E).131,132 At each temperature and pressure simulated, we determined the fraction of PRCs going on 
to react, f([M], T). Accordingly, k([M], T) is given by kVTST(T) × f([M], T). Rate constants were 
computed for temperatures between 200 K and 333 K and pressures between 0.01 atm and 1 atm, 
covering the atmospheric conditions from ground level to the stratosphere. 1,000,000 simulations 
were carried out at each pressure and temperature to enable good precision (σ < 1%). In these 
simulations, Lennard-Jones (LJ) parameters for species except for the bath gas N2 were estimated: 
ε/kB = 1.21 × Tb where Tb is the boiling point of the species, and σ = 1.45 (∑V i)1/3 where Vi is the 
additive volume of the ith atom in the species, and the summation being over all atoms in the species.133 
Here, we assume the boiling point of HgBr2 (at 595 K) to be that of any species containing Br and 
Hg. All LJ parameters including those for N2 are listed in the Appendix II. A single-exponential down 
model was used for energy transfer, with < Edown > = 200 cm-1. 
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As implied by our use of RRKM theory, we assumed fast intramolecular vibrational relaxation 
(IVR) within the PRCs,76 as others have done.134–137 Though unlikely, it seems reasonable to use this 
assumption for our first-ever study of these reactions. Accounting for IVR would require 
computationally demanding quasi-classical trajectory (QCT) calculations, and these calculations are 
not without their own limitations. 
RESULT AND DISCUSSION 
BrHgO• + C2H4 reaction 
Figure V-1 displays the potential energy profile for the BrHgO• + C2H4 reaction. The reaction 
proceeds by first forming a PRC before overcoming a small barrier to form BrHgOCH2CH2•. 
Although the M06-2X energy of the saddle point displays a 3.6 kcal mol-1 critical energy (relative to 
the PRC), CCSD(T) calculations indicate a saddle point submerged by 0.3 kcal mol-1. Note that relative 
energies reported here are corrected for ZPE except where specified. However, CCSD(T) energies 
computed along the M06-2X reaction path revealed a positive critical energy relative to the PRC (by 
0.5 kcal mol-1) on the reactant side of the saddle point. This positive critical energy was used in the 





Figure V-1. ZPE-corrected potential energy profile for the BrHgO• + C2H4 reaction at 
CCSD(T)//M06-2X/AVTZ. Values in brackets are energies at M06-2X/AVTZ. 
The structures of reactants, products, and all saddle points of the reaction are displayed in 
Figure V-2. There are two conformers of the product: a more stable adduct of C1 symmetry with 
Φ[HgOCC] = 40° (termed folded), located 2.2 kcal mol-1 below the conformer of Cs symmetry with 
Φ[HgOCC] = 180° (termed extended). These structures are connected by a rotational saddle point 




Figure V-2. Reactants, products, and all saddle points of the BrHgO• + C2H4 reaction at M06-
2X/AVTZ. Product (folded) and TS (isomerization) possess C1 symmetry, whereas all other species 
belong to the Cs point group. Distances are listed in Å and angles in degrees. 
As introduced in the Methods section, the presence of a PRC divides the potential energy 
surface (PES) into two transition-state regions: an outer region corresponding to long-range 
interactions between the isolated fragments, and an inner region (related to the saddle point) where 
bonds between the fragments are formed.82,138 As discussed elsewhere, in systems with a PRC and a 
submerged saddle point, the inner transition state generally gains importance as temperature increases, 
and vice versa, the outer transition state becomes more important as temperature decreases.82 The 
effect of either transition state on reaction rate constants further depends on the depth of the PRC 
and the extent to which the inner transition state lies beneath the reactants. One may treat these 
systems using the unified statistical model (two-transition-state model),83 which microcanonically 
accounts for the presence of multiple transition states along the same reaction path. Due to the 
unreliability of computed partition functions along the reaction paths near both transition-state 
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regions (discussed below), we treated the transition states individually and considered the PRC as a 
local minimum on the PES in our Master Equation simulations. 
We investigated the path containing the long-range transition state by performing a relaxed 
scan on the Hg–C bond distance of the PRC and computing vibrational frequencies perpendicular to 
the path. The left side of Figure V-3 displays the absolute energies, enthalpies at 298 K, and Gibbs 
free energies at 298 K (G) along the relaxed scan. Unfortunately, we found multiple maxima in G at 
large separations (5 Å < rHg–C < 9 Å). These extreme spikes in the Gibbs free energy curve are not due 
to enthalpy and absolute energy changes, but instead a result of the values of some low-frequency 
modes changing between real and imaginary at various points along the path. One clearly sees this 
issue by comparing the positions of some G maxima at long Hg–C distances in Figure V-3 with the 
presence of one or more imaginary frequencies at that point in Figure V-4. 
 
Figure V-3. Left: absolute energies without ZPE (SCF, red circles), Gibbs free energies at 298 K (G, 
blue squares), and enthalpies at 298 K (H, green diamonds) relative to those at the PRC (rHg–C ~ 3 Å) 
along the PRC-forming path for the reaction BrHgO• + C2H4 at M06-2X/AVTZ. Right: Gibbs free 












































(orange squares) at 298 K relative to that at the PRC. The adjusted free energies were computed by 
changing imaginary frequencies to the value of the non-imaginary frequency for the same mode at the 
nearest step (of lower rHg–C) on the reaction path. 
 
Figure V-4. Harmonic frequencies of the six lowest vibrational modes along the PRC-forming path 
for the reaction of BrHgO• + C2H4 at M06-2X/AVTZ. The black line at 0 cm-1 distinguishes between 
real and imaginary frequencies. 
The magnitude of these imaginary frequencies remained essentially unchanged when we used 
tighter optimization criteria than the default, nor did they depend on whether we used ultrafine or 
default grids for calculating vibrational frequencies. Therefore, it seems that the imaginary frequencies 
did not arise from a lack of convergence or numerical instability. The issue of extra imaginary 
frequencies arose in a previous study of hydrogen abstraction by OH.113 In that study, the Cartesian 
or nonredundant internal coordinate system compute a different set of frequencies along the MEP 
from the one given by the redundant internal coordinates (default in Gaussian). Perhaps using one of 
these non-default coordinate systems can resolve the issue of non-physical imaginary frequencies. 
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To determine if the issue persists at other levels of theory beside M06-2X, we optimized the 
PRC and carried out the relaxed scans using the PBE1PBE (PBE0) and MPW1PW91 functionals. 
These functionals, were selected based on their success in previous calculations for structures and 
vibrational frequencies of mercury compounds.68,69 Unfortunately, these scans ran into similar 
problems to those occurring at M06-2X. Curiously, these functionals yield different PRC geometries 
from M06-2X: PBE0 predicts a C1 geometry, whereas MPW1PW91 produces a perpendicular Cs 
geometry with the C=C bond of C2H4 perpendicular to the Hg–O bond. Geometries of the complexes 
computed at the various levels of theory are displayed in the Appendix II. The presence of imaginary 
frequencies in the scans and the sensitivity of the PRC geometries to the level of theory both suggest 
the PES for forming the PRC to be quite flat. 
Using the M06-2X scan left us with the issue of spurious maxima in G due to presence of 
imaginary frequencies at long separations. To minimize these artifacts, we changed each imaginary 
frequency to the non-imaginary value for the same mode at the nearest step (of lower rHg–C) on the 
reaction path. By assigning the negative values positive frequencies, we somewhat retained the 
electronic and entropy contribution to the G value at that step and therefore lowered its G value. The 
resulting adjusted free energy curve, displayed in Figure V-3 on the right side, has its most prominent 
maximum in G at rHg–C ≈ 4.5 Å. It should be noted that this position of the maximum in G remains 
unchanged over the temperature range considered here. Despite the uncertainty in the Gibbs free 
energies, we decided to use this maximum to compute the temperature-dependent kVTST for the PRC-




Figure V-5. Effective second-order rate constants at 1 atm (k, in cm3 molecule-1 s-1) for the BrHgO• 
+ C2H4 (red circles) and the BrHgO• + HCHO (blue squares and green diamonds, for hydrogen 
abstraction and addition, respectively) reactions at CCSD(T)//M06-2X/AVTZ. 
The PRC-forming rate constants kVTST(T) stay relatively constant at 3.7 to 4.2 × 10-12 cm3 
molecule-1 s-1 (200 K ≤ T ≤ 333 K). Additionally, the fraction forming products from PRC decreases 
only modestly with temperature from 0.65 to 0.44 but remains essentially unchanged (varying by < 
1% at any given temperature) with changes in pressure over the range 0.01 atm ≤ P ≤ 1 atm. We 
briefly investigated the effect of tunneling by performing a simulation at 298 K with Eckart tunneling 
in the inner barrier for BrHgO• + C2H4. The inclusion of Eckart tunneling increased the fraction 
going to form product by ~2% (from 0.65 to 0.66). As a result, we do not include tunneling effects in 
results reported for BrHgO• + C2H4. Values of the PRC-forming rate constants kVTST(T), the fractions 
forming product f([M], T), and the effective rate constants k([M], T) are provided in Table S4 of the 
Supporting Information. Figure V-5 displays k([M], T) for the BrHgO• + C2H4 reaction. The reaction 
rate constant varies from 1.8 to 2.6 × 10-12 cm3 molecule-1 s-1 over the range of temperature and 

























four times as high (8 × 10-12 cm3 molecule-1 s-1 at 296 K and 1 atm),122 and exhibit a strong negative 
temperature dependence (rising by a factor of 2 as the temperature decreases to 200 K at 1 atm). Our 
result therefore suggests that (1) BrHgO• adds to C2H4 slightly less favorably than does OH•, and (2) 
addition to C2H4 by BrHgO• has a weaker temperature and pressure dependence than addition by 
•OH. Experiments or more refined calculations would be needed to verify these conclusions. 
In the BrHgO• + C2H4 system, both the PRC-forming rate constants and the efficiency of 
product formation are roughly independent of temperature. Pressure has a negligible effect on f([M], 
T) because both PRC dissociation and product formation largely occur prior to a single collision: at 
298 K and 1 atm, within the first 120 ps, 90% of the PRCs has reacted, whereas the PRCs have only 
a 7% chance of undergoing a collision at this time. By contrast, •OH + C2H4 has a large pressure 
dependence on k([M], T) likely due to the lower binding energy of the PRC as compared to the 
BrHgO• system. That being said, given the problems with the M06-2X frequencies in the long-range 
transition state region and, most importantly, the absence of experimental data with which we may 
evaluate our results, non-trivial uncertainties are expected for the computed BrHgO• + C2H4 rate 
constants. In this system, the two dominant sources of uncertainties are in (1) the barrier in the outer 
transition state region and (2) the barrier for product formation in the inner transition state region. 
In the OH• + C2H4 system, the rate constant at 300 K depends largely on the inner critical 
energy: an increase in the energy of the inner saddle point by 1.0 kcal mol-1 reduces the high-pressure 
effective rate constant by a factor of 5.82 To study the combined effect of uncertainty in the saddle 
point energy and ΔG† for the outer transition state on BrHgO• + C2H4 rate constants, we carried out 
Master Equation simulations for the full range of temperatures (200 K ≤ T ≤ 333 K) and pressures 
(0.01 atm ≤ P ≤ 1 atm) while varying the inner and outer critical energy up and down by 0.5 kcal mol-
1. By varying the critical energy of the outer transition state, we thereby simultaneously varied the ΔG† 
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for PRC formation by the same amount at each temperature. The change in the ΔG† affects both the 
PRC-forming rate constants kVTST(T) and the initial energy distribution of the chemically activated 
PRCs. In this manner, we explored a 3 × 3 matrix of possible values for the inner and outer critical 
energies on k([M], T). All product-forming fractions and effective rate constants from this sensitivity 
analysis are available in the Appendix II. Our analysis demonstrated that the uncertainty in the inner 
and outer barriers has a lower sensitivity on k([M], T) at higher temperatures (T ≥ 298 K) than at 
lower temperatures (T < 298 K). Generally, the uncertainty in ΔG† has a stronger impact on the 
(effective) reaction rate constants than the inner critical energy. At the extreme case of 200 K, a shift 
by 0.5 kcal mol-1 in ΔG† changes k([M], T) by a factor of 3, whereas a shift by the same amount in the 
inner barrier can cause the effective rate constants to change by only 40%. However, at the highest 
temperature studied here (T ≥ 298), the impacts on the rate constants become somewhat comparable. 
Maximum and minimum rate constants k([M], T) computed in the sensitivity analysis at various 
temperatures are depicted in the Appendix II. 
 
Figure V-6. ZPE-corrected potential energy profile for the BrHgO• + HCHO reaction at 
CCSD(T)//M06-2X/AVTZ. Values in brackets are energies at M06-2X/AVTZ. The diverging path 
between the reactants and the PRCs signifies the point of bifurcation on the PES. 
BrHgO• + HCHO reactions 
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Figure V-6 displays the potential energy profile for the BrHgO• + HCHO reaction. The 
system possesses two channels: BrHgO• may either abstract a hydrogen atom to form BrHgOH or 
add to the carbon atom of HCHO to form BrHgOCH2O•. Each channel contains a PRC, a submerged 
saddle point (by 4.7 kcal mol-1 and 3.2 kcal mol-1 at the CCSD(T) level of theory, respectively), and an 
exothermic product or product set. Note that for the analogous •OH + HCHO system, only 
abstraction occurs under atmospheric conditions, as the addition channel possesses a ~5 kcal mol-1 
barrier.91 Figure V-7 displays the structures of reactants, products, PRCs, and all saddle points of the 
BrHgO• + HCHO reaction. The two PRCs are connected to each other via a rotational saddle point, 
TS(isomerization). 
 
Figure V-7. Reactants, products, and all saddle points of the BrHgO• + HCHO reaction at M06-
2X/AVTZ. All species belong to the Cs point group, except for TS (isomerization) (C1). 
To map the reaction path connecting these PRCs to the isolated reactants, we performed 
relaxed scans of the bond distance between the Hg and the O of HCHO starting from each of the 
PRCs. Figure V-8 plots the resulting energies along the relaxed scan starting from the addition and 
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abstraction PRCs, and displays geometries at a few points on the scan. The two reaction paths are the 
same for rHg–O ≥ 6.1 Å. As the two reactants approach each other from large distances, BrHgO• lies 
collinear to the carbon and oxygen atoms of HCHO, and all the atoms are in the same plane (structures 
A and B). Once the paths diverge, BrHgO• internally rotates either (1) in this plane (structure C) to 
form the hydrogen abstraction PRC (PRCabs) or (2) perpendicularly to this plane (structure D) to form 
the addition PRC (PRCadd). It should be noted that we were unable to identify a local minimum in the 
region where the paths split (rHg–O ≈ 6.1 Å). The divergence of reaction paths without an intervening 
intermediate strongly points towards the existence of a bifurcating surface.86 Bifurcations are 
commonly identified when the reaction paths are initially one and the same but diverge after 
overcoming an initial barrier all within a one-step mechanism. In our case, the reaction path overcomes 
a variational transition state (as opposed to a saddle point) for approach of two reactants. 
Subsequently, the surface splits into two non-equivalent paths at the bifurcation point, each forming 
a distinct PRC leading to a different set of products. Generally, on a bifurcating surface, the shape of 
the PES and dynamics controls the branching ratios of product formation.87 Due to the asymmetry of 
the PRC-forming reaction paths past the bifurcation point, they are not expected to be formed in 





Figure V-8. Relaxed scan on the Hg–OCH2 internuclear distance along the hydrogen abstraction and 
addition PRC-forming paths at M06-2X/AVTZ for the BrHgO• + HCHO reaction. Reported 
energies are relative to that of the reactants (rHg–O > 9 Å). A few geometries along the path are displayed 
to illustrate the orientation of the reactants and the internal rotations leading to each PRC. 
In contrast to many studied cases of bifurcation,88–90 our work presents a bifurcating path 
towards PRCs as opposed to directly towards reaction products. Of all previous works on the 
analogous •OH + HCHO system, only one study discussed bifurcation,91 in which the approaching 
of •OH and HCHO form a single PRC, and the reaction path subsequently bifurcates into two 
superimposable mirror-image paths. In this case, the bifurcation affects the rate constants but not the 
structure of the products. Our BrHgO• + HCHO system differs from the •OH + HCHO system in 
that it has two distinct PRCs, and each can be formed by two equivalent reaction paths (due to the 
symmetry of HCHO). Computing rate constants for the BrHgO• + HCHO system presents two 
challenges: (1) that the PRCs are not likely to exhibit fast IVR,77–81 and (2), more generally, that 
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bifurcation dynamics has yet been fully understood and would require expensive dynamical 
calculations to study. Given that our work presents the first-ever study on the BrHgO• + HCHO 
reaction, we decided to use only the long-range (pre-bifurcation-point) transition state as the rate-
determining transition state for both PRC-forming steps. Our assumption that the rate-determining 
transition state precedes the bifurcation point seems common in the literature on bifurcation.139–141 
Additionally, reliably treating the PRC-forming path would require accounting for all dynamic effects 
in all paths, including around the saddle point by which the PRCs are connected to each other. 
 
Figure V-9. Absolute energies without ZPE (SCF, red circles), Gibbs free energies at 298 K (G, blue 
squares), and enthalpies at 298 K (H, green diamond) relative to those at the bifurcation point (rHg–C 
~ 6 Å) along the Hg–OCH2 coordinate for the reaction of BrHgO• + HCHO at M06-2X/AVTZ. 
To determine the kVTST prior to the bifurcation point, we mapped out the Gibbs free energies 
at long Hg–O bond distances. Figure V-9 displays the Gibbs free energies at 298 K, together with 
the absolute energies, and enthalpies (at 298 K) along the relaxed scan. Despite the jagged free energy 
curve, a maximum in G near rHg–O ≈ 9.3 Å appears to be the variational transition state. Note that this 



























C and BrHgO–H distances are much shorter. The spikes in the free energy curve, similar to those in 
the BrHgO• + C2H4 system, are correlated to the change in the values of some low-frequency modes 
from real to imaginary in the frequencies. These frequencies along the relaxed scan are available in the 
Appendix II. We used the maximum in G near rHg–O ≈ 9.3 Å to compute the temperature-dependent 
kVTST(T) for the PRC-forming steps in both channels. It should be noted that this position of the 
maximum in G does not change with temperature (200 K ≤ T ≤ 333 K). Over the same temperature 
range, kVTST slightly increases from 8.4 × 10-11 to 1.2 × 10-10 cm3 molecule-1 s-1. These rate constants 
are presented in the Appendix II. 
As the two PRCs are connected to each other via a submerged barrier, they can isomerize, and 
the reaction can proceed via addition or abstraction regardless of the path the system follows past the 
bifurcation point (i.e., the identity of the PRC initially formed). Using Master Equation simulations, 
we studied the competition between these two channels by initially populating either PRCadd or PRCabs 
(chemically activated) and allowing them to dissociate to reactants, isomerize, or react to form 
products during the simulation. Each simulation initiated from a given PRC produces a fractional yield 
for addition, fadd([M], T), and another for abstraction, fabs([M], T) at a given temperature and pressure. 
If we assume, parsimoniously, that the two PRCs are formed in identical yields, the effective fraction 
reacting via addition, fadd,eff([M], T), at a given pressure and temperature is given by the average of the 
two fadd([M], T) computed for each initial population distribution. Likewise, the fractional population 
proceeding via abstraction is given by the averaged fabs([M], T). These effective fractional populations 
correspond to the branching ratios of the BrHgO• + HCHO reactions. The branching ratios are 
subsequently used to compute the effective bimolecular rate constant for each reaction channel (e.g., 
kadd([M], T) = fadd([M], T) × kVTST(T)). The fractions and the effective rate constants are available in 
the Appendix II. Regardless of PRC initially populated, the system proceeds via abstraction (fabs([M], 
T) ~ 0.65 to 0.39) over addition (fadd([M], T) ~ 0.06 to 0.03) at any given temperature and pressure, 
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suggesting that the identity of the reaction products appears to be insensitive to the initial PRC 
branching ratios produced by the bifurcation. Note that tunneling was neglected in the results reported 
here; a simulation that included Eckart tunneling increased the fraction going to form product by < 
2%. 
Figure V-5 displays the effective second-order rate constants for the BrHgO• + HCHO 
reactions at 1 atm. Hydrogen abstraction proceeds with a rate constant ten times higher than does 
addition at all temperatures and pressures. Furthermore, similar to our previous finding on BrHgO• 
hydrogen abstraction,130 BrHgO• abstracts from HCHO with a higher rate constant than does •OH 
(4.8 × 10-11 cm3 molecule-1 s-1 vs. 8.5 × 10-12 cm3 molecule-1 s-1 at 298 K and 1 atm).122 
As temperature increases from 200 K to 333 K, the fractions going to products via either 
channel decreases somewhat (from 0.65 to 0.39 for abstraction at 1 atm), counteracting the small 
increase in the PRC-forming rate constants. Pressure has a much smaller effect on these fractions (< 
1% across 0.01 atm ≤ P ≤ 1 atm at any given temperature). As a result, the effective rate constants of 
both BrHgO• + HCHO channels exhibit weak temperature and pressure dependence, staying 
relatively constant at 4.3 – 5.8 × 10-12 and 4.7 – 5.5 × 10-11 cm3 molecule-1 s-1 for addition and 
abstraction, respectively. Similarly, •OH + HCHO rate constants vary little over this temperature and 
pressure range.122 As mentioned previously, the absence of experimental kinetic data hinders us from 
evaluating our results directly. Considering the challenges in treating a bifurcation and two PRCs in 
the BrHgO• + HCHO system, large uncertainties are expected in our computed rate constants. These 
uncertainties include uncertainties in the ΔG† for PRC formation, the critical energy for reaction 
product formation from PRCs, and the critical energy for isomerization between the PRCs. 
To investigate some of the uncertainties in the rate constants of this system, we carried out 
Master Equation simulations while varying (1) the outer critical energy leading to the bifurcation (Eouter) 
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up and down by 0.5 kcal mol 1 and, (2) the height of the (submerged) barrier for PRC-isomerization 
(Eiso) increased by up to 1.0 kcal mol-1. Note that the shift in the outer critical energy simultaneously 
varies the ΔG† for PRC formation by the same amount. Fractions going on to form products for these 
simulations (averaged over the 50:50 initial population distributions of the PRCs) are listed in the 
Appendix II. Rate constants are more sensitive to change in the Eouter than in the Eiso: a 0.5 kcal mol-1 
shift in Eouter (and effectively, ΔG†) can induce a change in the reaction rate constant by a factor of ~2, 
whereas a shift in Eiso by the same amount only changes the rate constants by ~30%. Note that raising 
the barrier height for PRC-isomerization by 1.0 kcal mol-1 does not change the dominant behavior of 
the system: producing BrHgOH by hydrogen abstraction. These lines of evidence suggest that the 
uncertainty in the outer transition state region (i.e., before the PRCs are formed and where the 
bifurcation occurs) matters more to the BrHgO• + HCHO rate constants than the uncertainty in the 
inner region. Maximum and minimum rate constants k([M], T) for each reaction channel computed 
in the sensitivity analysis as a function of temperature are depicted in Appendix II. Additional 
uncertainty arises from the challenges of treating the bifurcation in this system. 
ATMOSPHERIC IMPLICATIONS 
Given the reactivity of BrHgO• with C2H4, we expect BrHgO• to add to larger alkenes and 
other compounds containing carbon-carbon double bonds. These compounds would include 
isoprene, the most abundantly emitted VOC, globally. By analogy to trends in rate constants for •OH 
addition to alkenes,142 BrHgO• would react with isoprene with a higher rate constant than with C2H4.  
The subsequent fate of BrHgOCH2CH2• would most likely be similar to that of other carbon-
centered radicals: O2 addition followed by reaction with NO or HO2, as illustrated by Figure V-10. 
The formation of BrHgOCH2CH2O•, its larger analogs (BrHgOR•), and their subsequent reaction 




Figure V-10. Predicted fate of BrHgOCH2CH2• by analogy to HOCH2CH2•.  
For the BrHgO• + HCHO reaction, the alkoxy radical product initially formed, 
BrHgOCH2O•,  may lose a hydrogen atom to form an aldehyde, either unimolecularly or via 
bimolecular reaction with O2: 
 BrHgOCH2O• → BrHgOCH=O + H• (V-12) 
 BrHgOCH2O• + O2 → BrHgOCH=O + HO2• (V-13) 
However, due to the dominance of the hydrogen abstraction rate constants, the BrHgO• reaction with 
aldehydes primarily represents a source of BrHgOH. BrHgO• reaction with ketones (as opposed to 
aldehydes) may be a more important source of alkoxy radicals with BrHgO- substituent. Note that 
larger alkoxy radicals, including larger analogs of the BrHgOCH2CH2O• intermediate, are expected to 
undergo more diverse chemistry than previously depicted in Figure V-10.143,144 
Considering the toxicity of organomercury compounds,10,11 their formation in the gas phase 
via addition to carbonyl compounds and alkenes may appear disconcerting. Nonetheless, as detailed 
below, we expect most BrHgO• to form BrHgOH, so these organomercury compounds may not be 




All in all, BrHgO• behaves similarly to •OH radical, in that it can abstract hydrogen atoms 
from sp3-hydridized carbons atoms, and can add to sp2-hybridized carbons, and to NO and NO2.130 
These reactions are depicted in Figure V-11 in the context of bromine-initiated oxidation of Hg(0). 
Additionally, we expect that BrHgO• can add to aromatic compounds, although we have yet to 
investigate these reactions. 
 
Figure V-11. Mechanism of Hg(0) oxidation initiated by Br• including the various reactions of 
BrHgO•. 
 
Figure V-12. Predicted fates of BrHgO• in three air masses at ground level (a, b, and c) and one in 
the stratosphere (d). Values are calculated from pseudo first-order rate constants (k'Y = k[A] where k 
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is the bimolecular rate constant for reaction BrHgO• + A computed at CCSD(T)//M06-2X/AVTZ). 
Concentration values are adapted from data obtained in field campaigns and listed in the Appendix 
II. 
Finally, we estimate the atmospheric fate of BrHgO• under a variety of conditions by 
computing pseudo first-order rate constants of its reactions (k’A = k[A] where k is the bimolecular 
rate constant for reaction of BrHgO• with compound A). These values are computed for four air 
masses representing stratospheric air and lower-tropospheric air in urban, rural, and marine 
environments using concentration data from selected field campaigns. The concentrations are listed 
in the Appendix II. We included previously studied hydrogen abstractions from alkanes along with 
NO and NO2 addition.130 Figure V-12 displays the predicted fates of BrHgO• in three air masses in 
the lower troposphere and one in the stratosphere. BrHgOH formation dominates in all air masses 
due to the high global concentration of CH4. However, addition to nitrogen oxides can compete in 
urban regions and in stratospheric air. Photolysis of BrHgONO, and perhaps, BrHgONO2, provides 
a channel whereby BrHgO• can be regenerated. The results in Figure V-12 are limited by two factors: 
(1) that these rate constants are uncertain and require verification from experiments, and (2) that we 
only include a few species and reactions whose rate constants were computed. That being said, it 
seems most likely that BrHgOH constitutes a major Hg(II) compound formed in the bromine-initiated 




CHAPTER VI. CONCLUSIONS 
The present work explores for the first time the reactions of an as-yet undetected radical 
BrHgO• in the atmospheric oxidation of mercury. The Introduction presents mercury both as an 
important ingredient in everyday applications and as a damaging neurotoxin to human and ecosystems. 
It should be emphasized, again, that the atmosphere serves as a crucial medium in the global cycling 
of mercury, and that redox processes in the atmosphere control the rate at which mercury enters 
ecosystems. However, in the atmosphere, the kinetics and mechanism of mercury oxidation remain 
largely unknown. Much of our general ignorance about its mechanism arises due to the existence of 
only operational definition for GOM compounds in field studies, and consequently, the accuracy of 
field measurements suffers. Additionally, due to the unreliable and often-absent experimental data on 
the kinetics of many Hg(II) species as inputs, models also tend to have large uncertainties in their 
predictions. That being said, oxidation by Br• to form BrHg• has been, by theory and experiments, 
the most supported initial oxidative step (i.e., Hg(0) to Hg(I)), and was implemented in many regional 
and global models. Modeling and computational efforts have provided insights to the subsequent 
oxidative steps (i.e., Hg(I) to Hg(II) and among Hg(II) species), in which BrHg• additions to NO2 and 
HO2 are the most important, globally. For syn-BrHgONO, computations in the present work 
demonstrate that its photolysis in the S1 state produces the thermally stable BrHgO•.  
My research presents the first-ever kinetics study on BrHgO• reactions. Specifically, 
computational chemistry was used to investigate BrHgO• hydrogen abstractions from CH4, C2H6 and 
HCHO, along with additions to C2H4, HCHO, NO, and NO2. Rate constants are reported for BrHgO• 
abstracting hydrogen atoms from CH4 and C2H6 to form BrHgOH. The analyses of BrHgO• 
atmospheric fate suggest abstraction from CH4 to be significant in all atmospheric environments. 
However, BrHgO• + CH4 rate constants need further refinement by using experiment and/or higher 
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levels of theory along with more sophisticated methods to account for tunneling effects. In Chapter 
IV, I estimated that the true critical energy was underestimated by ~1 kcal mol-1 at CCSD(T)/AVTZ 
by analogy to the •OH system. Accordingly, rate constants are overestimated by a factor of 5 at 298 
K. As tunneling was found to be important at tropospheric temperatures (200 K ≤ T ≤ 333 K), the 
inexpensive Eckart tunneling I used can be improved by using the more accurate small-curvature 
tunneling. For global models of GEM oxidation, however, these rate constants may suffice as, due to 
the high global concentration of CH4, uncertainties in rate constants have minimal impact on the fate 
of BrHgO•: producing BrHgOH. By contrast, BrHgO• + C2H6 rate constants may be slightly less 
reliable than those for BrHgO• + CH4 due to the imaginary frequencies corresponding to presence of 
multiple maxima in G on the reaction path. Furthermore, the unphysical result that computed rate 
constant for BrHgO• abstraction from C2H6 prevails over that for abstraction from CH4 at 2000 K 
might also be a symptom of the limitations on the present treatment of vibrational modes. 
BrHgO• can add to C2H4 and to HCHO. These reactions affirm that there exist pathways in 
the gas phase in which organomercury compounds can be formed from inorganic Hg(II) precursors. 
That being said, my analysis suggests that these pathways may not be highly important as compared 
to hydrogen abstraction from sp3-hybridized carbons. BrHgO• + C2H4 and BrHgO• + HCHO rate 
constants seem highly uncertain due to (1) the unreliable computed partition functions along the PRC-
forming path containing the outer TS, and (2) the dubious assumption that PRCs possess fast IVR. 
In the BrHgO• + HCHO system, my ad hoc treatment of the bifurcation leading to the two PRCs leads 
to uncertainties for the branching ratios of BrHgO• + HCHO channels and their respective rate 
constants. Moreover, due to the presence of PRCs and bifurcation, laboratory experiments are 




Rate constants for the BrHgO• addition to NO and NO2 were estimated to be equal to those 
for the addition by CH3O•, considering the similarities in relative energy and product structure in RO• 
+ NO and RO• + NO2 (R = H, CH3) reactions. Given the small deviation in rate constants between 
addition by •OH, CH3O•, and presumably, BrHgO•, these educated guesses serve as inputs into 
models to assess the importance of BrHgY (Y = NO and NO2) in the atmosphere. Additionally, as 
the photolysis of syn-BrHgONO reproduces BrHgO• + NO, using these rate constants, models can 
provide insights into the extent of syn-BrHgONO recycling in NO areas. 
Furthermore, my work here would be more relevant than expected should BrHg• + O3 occurs 
with non-trivial rate constants (for k > 10-14 cm3 molecule-1 s-1). As discussed in the Background, BrHg• 
+ O3 might be an important source of BrHgO• (more than BrHg• + NO2) in O3-rich environments. 
In the stratosphere, it appears that due to the high concentration of O3, BrHg• + O3 would dominate 
the formation of BrHgO• (for k > 10-13 cm3 molecule-1 s-1). That being said, these speculations require 
experiment on BrHg• + O3 rate constants to confirm. 
Lastly, the present work presents a rare case in which a bifurcation precedes the formation of 
two distinct PRCs as opposed to products in the BrHgO• + HCHO reaction. Computationally 
demanding dynamical calculations are needed to account, theoretically, for dynamic effects on all 
reaction paths. Results from Master Equation simulations, however, suggest that branching ratios 
controlled by the bifurcation has a minimal effect on the predominant route of the reaction past the 
PRC formation. Because the PRC for the addition channel can readily be converted to the PRC for 
abstraction (but much less easily in reverse), and the barrier to abstraction being lower than the barrier 
to addition, hydrogen abstraction dominates at all temperatures and pressures considered. 
Considering the current mechanism of GEM oxidation, one can roughly compute a global 
estimate of the fraction of Hg(II) species that forms as BrHgOH in the troposphere. The recent global 
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model by Horowitz et al.18 estimated that Br• accounts for 97% of the total Hg(0)-to-Hg(II) oxidation. 
Subsequently, for simplicity, I assume that 50% of BrHg• goes on to form BrHgONO. Finally, 
consider that almost all BrHgONO undergoes photolysis with a unity quantum yield of forming 
BrHgO• (as suggested in Chapter IV), and that 90% of BrHgO• goes on to form BrHgOH (as 
depicted in Chapter V), approximately 43% of Hg(II) species would form BrHgOH. Certainly, the 
estimate here slightly overestimates the true value as it neglects wet and dry deposition of BrHgONO 
due to its slow deposition (on the order of weeks as suggested by Horowitz et al.18). 
Future Research 
Experimental studies of BrHgO• and its reactions are needed to verify these rate constants. 
Accordingly, there first requires a clean method to generate BrHgO• in the gas phase. Computations 
on the S1 state of BrHgONO indicates that photolysis at the band predicted to peak at 314 nm would 
produce BrHgO•, but no method exists for producing BrHgONO yet. Secondly, refining BrHgO• + 
CH4 rate constants should be a priority for experimental kineticists. Experimental determination of 
these rate constants requires monitoring either the loss rate of BrHgO•, or the formation rate of 
BrHgOH in the gas phase (with CH4 being in excess). As a result, the concentrations of these species 
need to be quantified accurately, and therefore, properties (e.g., spectroscopy) of these species require 
experimental investigation. More broadly in the atmosphere, because BrHgOH appears to be a 
dominant Hg(II) species due to BrHgO• hydrogen abstraction, determination of its properties in the 
gas phase would provide (1) more data on an important GOM and simultaneously (2) a method for 
measuring rate constants of BrHgO• reactions. These properties include but are not limited to: 
absorption cross-section spectrum in the UV, photolysis and deposition kinetics, and gas-phase 
reactions with other species. As previously mentioned, Saiz Lopez et al.44 computed an absorption 
cross-section and found that BrHgOH has a globally averaged photolysis lifetime of ~1 day. Regarding 
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chemistry in the gas phase, BrHgOH photolysis perhaps yields BrHg• + OH, although calculations or 
experiments on the excited states are needed to verify its photolysis channels. 
Using quantum chemistry, BrHgO• reactions with other abundant VOCs should be especially 
studied, considering their products may directly introduce organomercury compounds (e.g., via 
addition reactions) to the atmosphere. Specifically, BrHgO• reactions with isoprene and benzene 
should be explored. Isoprene dominates globally as the most abundantly emitted VOC, and BrHgO• 
addition to isoprene, as previously mentioned in Chapter V, may proceed with higher rate constants 
than its addition to C2H4. By contrast, BrHgO• reaction with benzene as the simplest aromatic system 
may give insight into its behavior with larger aromatic systems. Preliminary thermodynamics 
calculations145 demonstrated that BrHgO• may react with benzene via either hydrogen abstraction or 
addition channel, although kinetic calculations are needed to investigate if these channels are 
competitive and important in the atmosphere. That being said, considering the largely uncertain 
mechanism of the analogous •OH+ benzene system,146 these calculations on BrHgO• + benzene 
would not be easily evaluated. The challenges in fully investigating these reactions (computationally) 
are: (1) the computational costs due to the massive number of electrons in the system, (2) the sizable 
number of pathways and products in the case of isoprene, and (3) the multi-reference character (i.e., 
strong electron correlation) in some TSs in the case of benzene.147 One may instead use HOHgO• as 
an analog to BrHgO• to reduce computational costs in these systems. Recent computational results148 
indicate that relative energies in the HOHg• + NO2 (and HOHg• + HO2) system are similar to its 
BrHg• counterpart. Accordingly, calculations on HOHg• + isoprene/benzene could provide insights 
into the analogous BrHgO• systems. In addition, BrHgO• reaction with SO2 may provide some 
pathway by which sulfur-containing Hg(II) compounds may be formed. The analogous •OH + SO2 
reaction does not possess a barrier and has been studied extensively in theory and experiment. These 
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reactions further expand the mechanism and provide future directions for studying the GEM 
oxidation initiated by Br•. 
To reiterate, the present work aims to decrease uncertainties in models of mercury oxidation 
and improve our knowledge on mercury oxidation in the atmosphere. As quantum chemistry provides 
a method to identify GOM exactly to the molecular structure and formula, it helps alleviate the issue 
of operational definition for GOM in mercury research. Specifically, they provide directions for 
experimental studies to synthesize and quantify relevant Hg(II) compounds (e.g., BrHgOH) in the 
laboratory. Field studies can subsequently use these findings to measure their concentration in the 
atmosphere with which model-measurement predictions can be evaluated.
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CHAPTER VII. APPENDIX 
APPENDIX I. SUPPORTING INFORMATION FOR CHAPTER IV 
Table VII-1. Absolute energies (E, in Hartree) and ZPE (in kcal mol-1) at M06-2X/AVTZ, along with 
refined energies (E, in Hartree) and T1 diagnostic values at CCSD(T)//M06-2X/AVTZ for species in 
BrHgO• reactions. 
 M06-2X/AVTZ CCSD(T)//M06-2X/AVTZ 
E ZPE E T1 diagnostic 
BrHgO• -645.56968 1.52 -643.72640 0.02003210 
BrHgOH -646.25833 8.41 -644.41664 0.01781151 
CH4 -40.50173 28.21 -40.44091 0.00752892 
•CH3 -39.82535 18.64 -39.76364 0.00885895 
TS(BrHgO• + CH4) -686.06135 27.02 -684.15878 0.02415720 
C2H6 -79.75037 46.80 -79.60486 0.00786062 
•C2H5 -79.08246 37.20 -78.94834 0.01103403 
TS(BrHgO• + C2H6) 
[Φ(HgOCC) = 0°] -725.37065 45.88 -723.32997 0.02386076 
TS(BrHgO• + C2H6) 
[Φ(HgOCC) = 180°] -725.37000 45.83 -723.32993 0.02355498 
NO2 -205.07463 5.75   
BrHgONO2 -850.74191 10.67   
syn-BrHgOONO -850.68072 9.27   
anti-BrHgOONO -850.67388 9.06   
 
 92 
Table VII-2. Cartesian coordinates (in Å), vibrational frequencies (ν~, in cm-1), and rotational constants (B, in GHz) of species in BrHgO• 
reactions computed at M06-2X/AVTZ. 
 Cartesian coordinate ν~ B 
BrHgO• Br 0.000000  0.000000 -1.840306 
Hg 0.000000  0.000000  0.551129 






BrHgOH Br  0.003340 -1.864411  0.000000 
Hg  0.000000  0.528558  0.000000 
O -0.110420  2.508639  0.000000 







CH4 C  0.000000  0.000000  0.000000 
H  0.627587  0.627587  0.627587 
H -0.627587 -0.627587  0.627587 
H -0.627587  0.627587 -0.627587 









•CH3 C  0.000000  0.000000  0.000000 
H  0.000000  1.076327  0.000000 
H -0.932126 -0.538163  0.000000 







TS(BrHgO• + CH4) C  3.318969  1.443274  0.000000 
H  3.449320  0.858500  0.904604 
H  3.449320  0.858500 -0.904604 
H  2.168716  1.858524  0.000000 
H  3.915293  2.350000  0.000000 
O  0.909467  2.133406  0.000000 
Hg  0.000000  0.365913  0.000000 















C2H6 C  0.000000  0.000000  0.761779 
H  0.000000  0.000000 -0.761779 
H  0.000000  1.015516  1.156466 
H -0.879462 -0.507758  1.156466 
H  0.879462 -0.507758  1.156466 
H  0.000000 -1.015516 -1.156466 
H -0.879462  0.507758 -1.156466 













C2H5 C -0.692168  0.000000 -0.000661 
C  0.791661  0.000000 -0.023240 
H -1.084271  0.000002  1.024286 
H -1.101418  0.883260 -0.491133 
H -1.101418 -0.883262 -0.491130 
H  1.345074  0.923067  0.050692 












TS(BrHgO• + C2H6) 
[ΦHgOCC = 0°] 
O  1.871026 -1.293446  0.000036 
Hg  0.080876 -0.430370  0.000001 
Br -2.095792  0.581208 -0.000049 
C  3.351697  0.770191  0.000255 
H  3.966192  0.695620  0.894639 
H  2.727617 -0.247241  0.000184 
H  3.966642  0.695436 -0.893804 
C  2.427876  1.967237 -0.000106 
H  1.789435  1.984049  0.884978 
H  2.997320  2.898672 -0.000113 




















TS(BrHgO• + C2H6) 
[ΦHgOCC = 180°] 
O -1.787827 -1.052199 -0.000075 
Hg  0.057080 -0.31574  -0.000014 
Br  2.302471  0.531222  0.000056 
C -3.216828  1.062420 -0.000458 
H -2.920483  1.608682  0.893169 
H -2.574777  0.066182 -0.000363 
H -2.921423  1.607898 -0.894873 
C -4.667676  0.638299  0.000429 
H -4.900529  0.043505  0.881948 
H -5.324467  1.510659  0.000709 


















NO2 N 0.000000  0.000000  0.314461 
O 0.000000  1.090251 -0.137577 






BrHgONO2 Br  2.344415  0.253399 -0.000002 
Hg  0.010680 -0.207185  0.000000 
O -1.978778 -0.812371  0.000002 
N -2.718367  0.292421  0.000001 
O -2.104034  1.357717 -0.000001 










syn-BrHgOONO Br  2.266592  0.326102  0.083539 
Hg -0.042429 -0.269530 -0.046286 
O -1.959194 -0.968206 -0.231045 
O -2.905607 -0.239563  0.490736 
N -2.926780  1.094565  0.279179 












anti-BrHgOONO Br -2.273403  0.474450 -0.000005 
Hg -0.017050 -0.313703  0.000004 
O  1.823578 -1.223583 -0.000005 
O  2.890491 -0.314721 -0.000022 
N  2.423052  0.966197  0.000010 













Table VII-3. Absolute energies (SCF(s), in Hartree) and Gibbs free energies (G(T, s), in Hartree) along the MEP (s, in a0) for the BrHgO• + 
CH4 and BrHgO• + C2H6 reactions at M06-2X/AVTZ. G(T)s used to computed kVTST for each temperature are bolded. 
BrHgO• + CH4 
s SCF(s) 
G(T, s) 
200 K 225 K 250 K 275 K 298 K 
-0.14673 -686.0618185 -686.0403200     
-0.12578 -686.0617175 -686.0401560 -686.0436290    
-0.10483 -686.0616168 -686.0401100 -686.0435590 -686.0471010   
-0.09435 -686.0615769 -686.0401110 -686.0435510 -686.0470830 -686.0507020 -686.0541030 
-0.08387 -686.0615344 -686.0401210 -686.0435540 -686.0470790 -686.0506910 -686.0540840 
-0.07338 -686.0614948  -686.0435810 -686.0470840 -686.0506900 -686.0540780 
-0.06290 -686.0614587   -686.0470960 -686.0506970 -686.0540810 
-0.05242 -686.0614266    -686.0507310 -686.0540920 
  333 K 500 K 1000 K 2000 K  
-0.08387 -686.0615344 -686.0593720     
-0.07338 -686.0614948 -686.0593570     
-0.06290 -686.0614587 -686.0593540 -686.0862940 -686.1800870 -686.4054500  
-0.05242 -686.0614266 -686.0593600 -686.0862800 -686.1800340 -686.4053450  
-0.04193 -686.0613990 -686.0593750 -686.0862840 -686.1800190 -686.4053150  
-0.03145 -686.0613766  -686.0863060 -686.1800420 -686.4053590  





BrHgO• + C2H6 [Φ(HgOCC) = 0°] 
s SCF(s) 
G(T, s) 
200 K 225 K 250 K 275 K 298 K 
-0.02239 -725.370655 -725.320612     
-0.01119 -725.370648 -725.320603 -725.324223    
0.00000 -725.370646 -725.320606 -725.324214 -725.327927   
0.01120 -725.370649 -725.320615 -725.324214 -725.327918 -725.331720 -725.335301 
0.02239 -725.370657  -725.324220 -725.327915 -725.331710 -725.335283 
0.03358 -725.370670   -725.327919 -725.331706 -725.335273 
0.04478 -725.370690   -725.327932 -725.331713 -725.335273 
0.05597 -725.370716    -725.331731 -725.335287 
  333 K 500 K 1000 K 2000 K  
0.02239 -725.370657 -725.340866     
0.03358 -725.370670 -725.340845     
0.04478 -725.370690 -725.340837 -725.369553    
0.05597 -725.370716 -725.340843 -725.369525    
0.06717 -725.370749  -725.369518 -725.472324   
0.07836 -725.370790  -725.369534 -725.472284 -725.729559  
0.08956 -725.370839   -725.472277 -725.729481  
0.10076 -725.370896   -725.472300 -725.729453  




BrHgO• + C2H6 [Φ(HgOCC) = 180°] 
s SCF(s) 
G(T, s) 
200 K 225 K 250 K 275 K 298 K 
-0.03637 -725.3700181 -725.3205990     
-0.02425 -725.3700099 -725.3205850 -725.3243190 -725.3281590   
-0.01213 -725.3700047 -725.3205950 -725.3243170 -725.3281440 -725.3320700  
0.00000 -725.3700028 -725.3206190 -725.3243290 -725.3281440 -725.3320590 -725.3357440 
0.01213 -725.3700048 -725.3206530 -725.3243530 -725.3281590 -725.3320640 -725.3357400 
0.02425 -725.3700112  -725.3243830 -725.3281810 -725.3320770 -725.3357450 
0.03637 -725.3700225     -725.3357610 
  333 K 500 K 1000 K 2000 K  
0.00000 -725.3700028 -725.3414960     
0.01213 -725.3700048 -725.3414790     
0.02425 -725.3700112 -725.3414730     
0.03637 -725.3700225 -725.3414780     
0.04850 -725.3700394  -725.3709020    
0.06062 -725.3700626  -725.3708890    
0.07275 -725.3700927  -725.3708870    
0.08487 -725.3701304  -725.3708980 -725.4757310   
0.09700 -725.3701763   -725.4757010 -725.7370440  
0.10912 -725.3702313   -725.4756940 -725.7369580  




Table VII-4. Barrier heights, critical energies (E0, in kcal mol-1), reaction enthalpies (ΔHr, in kcal mol-1), and magnitudes of the imaginary 
frequency at the saddle point (ν~i, in cm-1) at various levels of theory and basis sets for the •OH + CH4 and BrHgO• + CH4 reactions. 
 Reference •OH + CH4 BrHgO• + CH4 E0 (-ZPE)* ΔHr (-ZPE) ν~i E0 (+ZPE) ΔHr (+ZPE) ν~i 
Experiment** 149 6.7 -13.5     
W1 150 6.2 -13.4     
MCG3/3 113 6.3 -13.9     
MC3BB 113 6.1 -11.8     
MC3MPW 113 6.1 -12.6     
MP2-SAC2 117 6.6 -14.9 1617i    
PBE0/AVDZ     0.6 -8.7 1050i 
PBE0/AVTZ  2.1 -12.0 687i 1.4 -8.7 1191i 
CCSD(T)// 
PBE0/AVTZ     2.7 -10.5  
PBE0/VTZ     1.6 -7.8 1214i 
M06-2X/AVDZ     2.9 -10.5 1223i 
M06-2X/AVTZ  5.4 -12.5 984i 3.7 -10.3 1329i 
CCSD(T)// 
M06-2X/AVTZ  5.0 -13.6  2.6 -10.8  
ωB97X/AVDZ     2.5 -8.2 1593i 
ωB97X/AVTZ    1370i 3.5 -8.2 1689i 
B2LYP/AVDZ     1.4 -10.9 1136i 
B2LYP/AVTZ     2.0 -10.9 1224i 
CCSD/AVTZ  8.9 -11.4     
UCCSD(T)-
F12/AVTZ 
116   1422i    
*(-ZPE) denotes energies without ZPE, and (+ZPE) denotes ZPE-included energies; **computed from experimental rate constants 
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Table VII-5. Reaction enthalpies for the  BrHgO• + ROH → BrHgOH + RO• reaction computed 
at CCSD(T)//M06-2X/AVTZ (ΔHr, at 0 K, in kcal mol-1), bond dissociation energy of RO–H (BDE, 
in kcal mol-1), BDE and averaged BDE of BrHgO–H (BDE, in kcal mol-1). BDEs of RO–H were 
obtained from the Active Thermochemical Tables.151,152 
 R–OH H– CH3– 
ΔHr 2.7 -10.3 
BDE (RO–H) 117.6 103.9 
BDE (BrHgO–H) 114.8 114.2 
Averaged BDE (BrHgO–H) 114.5 
 
Table VII-6. Relative energies (ZPE-included, in kcal mol-1) for the BrHgO• + NO reaction at 
CCSD(T)//PBE0/AVTZ and BrHgO• + NO2 reaction at M06-2X/AVTZ. Values of the BrHgO• 
+ NO reaction were computed by Jiao and Dibble37. 
 NO CCSD(T)//PBE0/AVTZ 
NO2 
M06-2X/AVTZ 
BrHgO• + NO(2) 0.0 0.0 
syn-BrHgO(O)NO -54.1 -16.7 
anti-BrHgO(O)NO -48.0 -20.8 
BrHg(O)NO2 -45.3 -57.8 
TS(syn–anti) -41.1  
TS(anti–NO2) -32.2  
TS(syn–NO2) -12.7  
 
Table VII-7. PBE0/AVTZ vertical excitation energies (VEE, in eV, with adiabatic values in 
parentheses for the S1 state only) and oscillator strengths, f, for the lowest energy conformer of 
BrHgONO. 
State syn-BrHgONO VEE f 
1 A″ 3.93 (3.61) 7.0 × 10
-4 
2 A′ 4.63 2.1 × 10-2 
2 A′ 4.67 9.0 × 10-3 
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2 A′ 4.97 1.0 × 10-1 
 
Table VII-8. Absolute energies (E, in Hartree) and ZPE (in kcal mol-1) for stationary points for syn-
BrHgONO at PBE0/AVTZ. 
 E ZPE 
S0 -775.3226194 7.04 
S1 -775.18990 5.45 
S1 TS(syn-BrHgONO → BrHgO• + NO) -775.18416 4.58 




APPENDIX II. SUPPORTING INFORMATION FOR CHAPTER V 
Table VII-9. Cartesian coordinates (in Å), vibrational frequencies (ν~, in cm-1), and rotational constants 
(B, in GHz) of all species computed at M06-2X/AVTZ. 
BrHgO• 
 Br 0.000000  0.000000 -1.840306 
Hg 0.000000  0.000000  0.551129 
O 0.000000  0.000000  2.540049 
ν~ 121.0690 124.7458 250.6166 573.2129 
B 0.0000000 1.1707605 1.1707605 
BrHgOH 
 Br  0.003340 -1.864411  0.000000 
Hg  0.000000  0.528558  0.000000 
O -0.110420  2.508639  0.000000 
H  0.766464  2.900623  0.000000 
ν~ 121.7432 123.6221 249.2261 595.2421 
906.6138 3890.7340 
B 656.4397767 1.1489029 1.1468956 
HCHO 
 C 0.000000  0.000000 -0.525509 
O 0.000000  0.000000  0.670512 
H 0.000000  0.938317 -1.105520 
H 0.000000 -0.938317 -1.105520 
ν~ 1213.4532 1273.9630 1539.8430 1869.4032 
2945.8270 3015.8182 
B 284.7759730 39.4561392 34.6546810 
•CHO 
 C  0.557805 -0.173311 -0.000002 
O -0.587839  0.053370 -0.000003 
H  1.355881  0.612905  0.000036 
ν~ 1102.1083 1993.3745 2730.9755 
B 720.3155068 45.4404698 42.7440021 
BrHgO•···HCHO 
PRC (abs) 
 C  3.452232 -0.137975  0.000000 
H  4.452207 -0.597742  0.000000 
O  2.462136 -0.821744  0.000000 
H  3.392518  0.960229  0.000000 
O  1.334610  1.943948  0.000000 
Hg  0.000000  0.445841  0.000000 
Br -1.683774 -1.262272  0.000000 
ν~ 9.9364  50.6558 102.8852 117.2081 
140.7134 161.5432 181.9699 247.3997 
551.5214 1233.5759 1284.1540 1540.9373 
1836.4861 2978.4891 3071.4907 
B 3.2146937 0.8374393 0.6643688 
BrHgO•···HCHO 
PRC (add) 
 C  3.356703  0.024067  0.000000 
H  3.746150  0.452361  0.935679 
O  2.552464 -0.869620  0.000000 
H  3.746150  0.452361 -0.935679 
 
 103 
O  1.349788  1.923892  0.000000 
Hg  0.000000  0.435996  0.000000 
Br -1.681444 -1.267513  0.000000 
ν~ 44.5858 52.0231 105.0210 115.8474 
128.5980 180.3335 197.3897 249.9930 
547.4642 1220.3305 1273.4714 1539.5825 
1840.2718 2976.5972 3061.5557 
B 3.3337534 0.8323813 0.6691868 
BrHgOCH2O• 
 C -3.066047  0.275128  0.000252 
H -3.680233  0.259444  0.905220 
O -2.176824  1.344944  0.000129 
H -3.680487  0.259440 -0.904544 
O -2.152494 -0.783799  0.000115 
Hg -0.195527 -0.165553  0.000007 
Br  2.172392  0.188154 -0.000133 
ν~ 45.0225 59.9525 98.7826 112.2469 
243.8362 353.6430 604.6090 947.5736 
1159.0059 1172.1247 1172.7135 1375.9445 
1562.8716 3028.2667 3080.2844 
B 10.1898483 0.7533312 0.7047004 
TS [BrHgO• + HCHO 
→ BrHgOH + •CHO] 
 C  3.257260  0.223984  0.000000 
H  4.351173  0.380303  0.000000 
O  2.589046  1.184446  0.000000 
H  1.348056  1.898844  0.000000 
O  0.000000  0.417163  0.000000 
Hg -1.695043 -1.274744  0.000000 
Br  2.757287 -0.857057  0.000000 
ν~ 1007.3318i 54.3584 77.3922 88.6464 
133.8665 243.6216 266.0338 282.7643 
562.0702 986.1638 1177.9631 1317.5718 
1702.5782 1868.4136 2965.7061 
B 3.5170378 0.8147368 0.6614980 
TS [BrHgO• + HCHO 
→ BrHgOCH2O] 
 C -3.195541  0.708869  0.000126 
H -3.720272  0.479059  0.932684 
O -2.203973  1.446704 -0.000096 
H -3.720439  0.478722 -0.932255 
O -2.108058 -0.882118  0.000314 
Hg -0.175629 -0.261915  0.000060 
Br  2.147444  0.320729 -0.000220 
ν~ 409.8284i 55.7253 67.2245 120.2148 
150.8082 246.1054 367.0187 545.5702 
671.7614 1172.4374 1247.0446 1492.6517 
1650.7476 3023.9129 3109.6825 
B 6.6813804 0.7540159 0.6807510 
TS [PRC (add) 
→ PRC (abs)] 
 C  3.087011  1.336590  0.044307 
H  3.741399  1.240709 -0.835418 
H  3.496945  0.987019  1.003182 
 
 104 
O  1.997018 -1.246439 -0.008667 
Hg  0.173326 -0.404029 -0.002869 
Br -2.041894  0.503168  0.005378 
O  1.982952  1.804456 -0.040375 
ν~ 71.9516i 50.8122 81.4092 106.5732 
121.1429 173.0969 185.0784 250.0610 
546.4266 1216.6214 1275.0860 1541.1975 
1842.3908 2976.6346 3062.1088 
B 3.2819704 0.8362811 0.6695889 
CH2=CH2 
 C  0.000000  0.660995  0.000000 
H  0.921866  1.227633  0.000000 
H -0.921866  1.227633  0.000000 
C  0.000000 -0.660995  0.000000 
H -0.921866 -1.227633  0.000000 
H  0.921866 -1.227633  0.000000 
ν~ 825.6530 989.1303 1002.3835 1059.4734 
1241.6693 1386.5309 1473.4721 1714.6877 
3159.2676 3175.2816 3234.1695 3260.6321 
B 147.5150063 30.5153656 25.2848674 
BrHgO•···C2H4 
PRC 
 Hg -0.221834  0.456333 -0.000018 
Br  1.996551 -0.471821  0.000055 
O -2.046565  1.270617 -0.000090 
C -2.756517 -1.474208  0.000502 
H -3.202145 -1.120503  0.921230 
H -3.202948 -1.119322 -0.919383 
C -1.712533 -2.294669 -0.000468 
H -1.270731 -2.651799 -0.922485 
H -1.269916 -2.652952  0.920709 
ν~ 17.7179 39.2860 98.2391 105.1529 
123.2851 152.5699 159.8740 244.1393 
560.3450 823.7673 1006.2479 1021.7913 
1069.9573 1239.0877 1381.7678 1476.0727 
1695.9485 3155.5529 3171.8512 3231.7490 
3258.5134 
B 2.6441295 0.9248064 0.6915760 
BrHgOCH2CH2• 
(Φ[HgOCC] = 40°) 
 Hg -0.161505  0.229834 -0.025308 
Br  2.180760 -0.297767  0.041888 
O -2.075983  0.793805 -0.125929 
C -3.021028 -0.162952  0.309742 
H -3.123093 -0.147166  1.400459 
H -3.987392  0.154499 -0.105303 
C -2.700438 -1.539911 -0.146422 
H -2.489104 -1.706323 -1.194108 
H -2.869969 -2.399117  0.485010 
ν~ 61.5313 76.9672 120.8333 181.5464 
206.0382 244.1531 439.3902 551.7417 
605.2690 834.4926 994.9867 1113.5961 
 
 105 
1140.3749 1260.1794 1378.0240 1458.6731 
1498.1251 2992.2231 3032.6283 3158.9952 
3267.8122 
B 7.2292921 0.7311924 0.6738709 
BrHgOCH2CH2• 
(Φ[HgOCC] = 180°) 
 Hg -0.076167 -0.115562 -0.000009 
Br  2.308474  0.161971  0.000014 
O -2.035316 -0.448407 -0.000031 
C -2.921775  0.672886  0.000009 
H -2.757244  1.296430  0.885033 
H -2.757299  1.296457 -0.885004 
C -4.306127  0.142382  0.000049 
H -4.769237 -0.160805  0.926346 
H -4.769462 -0.160431 -0.926257 
ν~ 39.0375 55.8808 75.6267 130.1055 
195.4308 237.9554 295.4138 536.1126 
671.9199 804.4408 1029.0606 1091.3467 
1164.6880 1292.4746 1385.4901 1472.2531 
1521.1537 3014.4030 3047.4309 3175.4102 
3281.6657 
B 25.0229789 0.5780242 0.5691836 
TS [BrHgO• + C2H4 
→ BrHgOCH2CH2•] 
 Hg  0.154839 -0.312137  0.000057 
Br -2.148991  0.392617 -0.000278 
O  2.042693 -0.946857  0.000325 
C  3.346145  0.662258  0.000289 
H  3.796812  0.321670  0.919855 
H  3.797050  0.321425 -0.919069 
C  2.444279  1.667239  0.000039 
H  2.074676  2.092178  0.924502 
H  2.074913  2.091929 -0.924634 
ν~ 426.3881i 46.0502 56.8210 127.9682 
130.8077 233.9173 251.2887 425.8197 
569.5098 825.0086 929.9165 1015.8402 
1027.7652 1238.6275 1331.1868 1471.9023 
1609.5495 3156.5426 3193.5839 3242.5156 
3286.6064 
B 5.2741400 0.7407678 0.6553112 
TS [Φ[HgOCC] = 40° 
→ Φ[HgOCC] = 180°] 
 Hg  0.089105 -0.159719 -0.047685 
Br -2.265671  0.263707  0.057780 
O  2.019628 -0.577083 -0.204591 
C  2.978185  0.098026  0.590949 
H  2.506894  0.775543  1.321544 
H  3.518394 -0.645078  1.190543 
C  3.932947  0.849831 -0.255938 
H  3.601657  1.253008 -1.200525 
H  4.919356  1.093815  0.107593 
ν~ 62.6251i 66.0434 93.2771 117.2251 
218.6463 252.2798 365.7089 426.0347 
 
 106 
573.8236 873.7871 979.3203 1108.3130 
1130.4075 1258.3239 1390.9954 1450.9214 
1491.6523 2934.5542 3013.1907 3175.4062 
3285.1044 




Table VII-10. Absolute energies (in Hartree) and ZPE (in kcal mol-1) at M06-2X/AVTZ, along with 
refined energies (in Hartree) and T1 diagnostic values at CCSD(T)//M06-2X/AVTZ for all species. 
 M06-2X/AVTZ CCSD(T)//M06-2X/AVTZ E ZPE E T1 diagnostic 
BrHgO• -645.56968 1.52 -643.72640 0.02003210 
BrHgOH -646.25833 8.41 -644.41664 0.01781151 
HCHO -114.49897 16.95 -114.31556 0.01526624 
•CHO -113.84942 8.32 -113.67886 0.02137031 
BrHgO•···HCHO 
PRC (abs) -760.08182 19.31 -758.04942 0.01929255 
BrHgO•···HCHO 
PRC (add) -760.07833 19.35 -758.04580 0.01947699 
BrHgOCH2O• -760.10260 21.47 -758.06636 0.02550797 
TS [BrHgO• + HCHO 
→ BrHgOH + •CHO] -760.07254 16.76 -758.07379 0.02857788 
TS [BrHgO• + HCHO 
→ BrHgOCH2O] 
-760.07566 19.90 -758.07631 0.02383270 
TS [PRC (add) 
→ PRC (abs)] -760.07832 19.20 -758.04603 0.02697153 
CH2=CH2 -78.57284 32.19 -78.39218 0.01059924 
BrHgO•···C2H4 
PRC -724.15285 24.36 -722.12373 0.01946735 
BrHgOCH2CH2• 
(Φ[HgOCC] = 40°) -724.18974 35.19 -722.15767 0.01881030 
BrHgOCH2CH2• 
(Φ[HgOCC] = 180°) -724.18468 35.05 -722.15406 0.01836459 
TS [BrHgO• + C2H4 
→ BrHgOCH2CH2•] 
-724.14739 34.55 -722.12416 0.02981616 
TS [Φ[HgOCC] = 40° 





Figure VII-1. M06-2X (blue squares) and CCSD(T) (red circles) energies (ZPE-included, in kcal mol-1, 
using the AVTZ basis set) along the M06-2X reaction path (left) relative to those at their respective 
saddle point in the BrHgO• + C2H4 reaction. The CCSD(T) saddle point lies on the reactant side of 
that at M06-2X (s = 0). A third-order polynomial (red curve) was fitted on the scan coordinate rHg–C 
(right) to determine the energy of the CCSD(T) saddle point. The black line indicates the position of 
the M06-2X saddle point (equivalent to s = 0 on the left). 
 
Figure VII-2. Optimized structures of the PRC at various levels of theory compared to that at M06-
2X all using the AVTZ basis set in the BrHgO• + C2H4 reaction. Only the M06-2X and MPW1PW91 



































































Table VII-11. Lennard-Jones parameters of the bath gas N2, PRCs, and addition products for the 
BrHgO• + C2H4 and BrHgO• + HCHO reactions used in Master Equation simulations. 
 σ (Å) ε/kB (K)  σ (Å) ε/kB (K) 
BrHgO•···C2H4 
PRC 2.729 719.95 
BrHgO•···HCHO 
PRC (abs) 2.670 719.95 
BrHgOCH2CH2• 
(Φ[HgOCC] = 40°) 2.729 719.95 
BrHgO•···HCHO 
PRC (add) 2.670 719.95 
BrHgOCH2CH2• 
(Φ[HgOCC] = 180°) 2.729 719.95 BrHgOCH2O• 2.670 719.95 
N2 3.705 84.942    
 
Table VII-12. PRC-forming rate constants (kVTST(T), in cm3 molecule-1 s-1), fractional populations of 
the PRCs going on to form product (f([M], T)) and bimolecular effective rate constants (k([M], T), in 
cm3 molecule-1 s-1) for the BrHgO• + C2H4 reaction. 
T (K) kVTST(T) × 1012 P (atm) f([M], T) k([M], T) × 1012 
200 4.0 
0.01 0.6458 2.6 
0.1 0.6467 2.6 
0.5 0.6483 2.6 
1 0.6486 2.6 
225 3.8 
0.01 0.5965 2.3 
0.1 0.5980 2.3 
0.5 0.5984 2.3 
1 0.5991 2.3 
250 3.7 
0.01 0.5531 2.1 
0.1 0.5545 2.1 
0.5 0.5547 2.1 
1 0.5551 2.1 
275 3.8 
0.01 0.5130 2.0 
0.1 0.5141 2.0 
0.5 0.5133 2.0 
1 0.5147 2.0 
298 3.9 
0.01 0.4809 1.9 
0.1 0.4819 1.9 
0.5 0.4816 1.9 
1 0.4821 1.9 
333 4.2 
0.01 0.4384 1.8 
0.1 0.4384 1.8 
0.5 0.4382 1.8 
1 0.4392 1.8 
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Table VII-13. PRC-forming rate constants (kVTST(T), in cm3 molecule-1 s-1), fractional populations of the PRCs going on to form product 
(f([M], T)) and bimolecular effective rate constants (k([M], T), in cm3 molecule-1 s-1) for various outer and inner critical energies relative to the 
PRC (Eouter and Einner, respectively, in kcal mol-1) for the BrHgO• + C2H4 reaction. 
T (K) Eouter kVTST P (atm) 
f([M], T) k([M], T) 
Einner = 0.0 Einner = 0.5 Einner = 1.0 Einner = 0.0 Einner = 0.5 Einner = 1.0 
200 
0.98 1.4 (-11) 
0.01 0.6409 0.4521 0.2252 9.0 (-12) 6.3 (-12) 3.2 (-12) 
0.1 0.6422 0.4511 0.2249 9.0 (-12) 6.3 (-12) 3.1 (-12) 
0.5 0.6434 0.4527 0.2260 9.0 (-12) 6.3 (-12) 3.2 (-12) 
1 0.6437 0.4542 0.2255 9.0 (-12) 6.4 (-12) 3.2 (-12) 
1.48 4.0 (-12) 
0.01 0.7786 0.6458 0.4439 3.1 (-12) 2.6 (-12) 1.8 (-12) 
0.1 0.7779 0.6467 0.4435 3.1 (-12) 2.6 (-12) 1.8 (-12) 
0.5 0.7800 0.6483 0.4442 3.1 (-12) 2.6 (-12) 1.8 (-12) 
1 0.7794 0.6486 0.4433 3.1 (-12) 2.6 (-12) 1.8 (-12) 
1.98 1.1 (-12) 
0.01 0.8672 0.7822 0.6377 9.8 (-13) 8.8 (-13) 7.2 (-13) 
0.1 0.8660 0.7811 0.6384 9.8 (-13) 8.8 (-13) 7.2 (-13) 
0.5 0.8666 0.7835 0.6387 9.8 (-13) 8.9 (-13) 7.2 (-13) 
1 0.8669 0.7830 0.6382 9.8 (-13) 8.8 (-13) 7.2 (-13) 
225 
0.98 1.1 (-11) 
0.01 0.5921 0.4122 0.2139 6.9 (-12) 4.8 (-12) 2.5 (-12) 
0.1 0.5935 0.4127 0.2130 6.9 (-12) 4.8 (-12) 2.5 (-12) 
0.5 0.5935 0.4127 0.2142 6.9 (-12) 4.8 (-12) 2.5 (-12) 
1 0.5934 0.4133 0.214 6.9 (-12) 4.8 (-12) 2.5 (-12) 
1.48 3.8 (-12) 
0.01 0.7339 0.5965 0.4073 2.8 (-12) 2.3 (-12) 1.5 (-12) 
0.1 0.7338 0.5980 0.4083 2.8 (-12) 2.3 (-12) 1.6 (-12) 
0.5 0.7356 0.5984 0.4076 2.8 (-12) 2.3 (-12) 1.5 (-12) 
1 0.7344 0.5991 0.4069 2.8 (-12) 2.3 (-12) 1.5 (-12) 
1.98 1.2 (-12) 
0.01 0.8315 0.7376 0.5916 1.0 (-12) 9.2 (-13) 7.4 (-13) 
0.1 0.8309 0.737 0.5923 1.0 (-12) 9.2 (-13) 7.4 (-13) 
0.5 0.8324 0.7392 0.5938 1.0 (-12) 9.2 (-13) 7.4 (-13) 




0.98 1.0 (-11) 
0.01 0.5483 0.3789 0.2035 5.6 (-12) 3.9 (-12) 2.1 (-12) 
0.1 0.5500 0.3792 0.2025 5.7 (-12) 3.9 (-12) 2.1 (-12) 
0.5 0.5491 0.3797 0.204 5.6 (-12) 3.9 (-12) 2.1 (-12) 
1 0.5501 0.3800 0.2043 5.7 (-12) 3.9 (-12) 2.1 (-12) 
1.48 3.7 (-12) 
0.01 0.6908 0.5531 0.3760 2.6 (-12) 2.1 (-12) 1.4 (-12) 
0.1 0.6909 0.5545 0.3762 2.6 (-12) 2.1 (-12) 1.4 (-12) 
0.5 0.6922 0.5547 0.3760 2.6 (-12) 2.1 (-12) 1.4 (-12) 
1 0.6920 0.5551 0.3766 2.6 (-12) 2.1 (-12) 1.4 (-12) 
1.98 1.3 (-12) 
0.01 0.7958 0.6951 0.5500 1.1 (-12) 9.6 (-13) 7.6 (-13) 
0.1 0.7946 0.6949 0.5510 1.1 (-12) 9.6 (-13) 7.6 (-13) 
0.5 0.7960 0.6965 0.5512 1.1 (-12) 9.6 (-13) 7.6 (-13) 
1 0.7967 0.6965 0.5510 1.1 (-12) 9.6 (-13) 7.6 (-13) 
275 
0.98 9.5 (-12) 
0.01 0.5086 0.3507 0.1948 4.9 (-12) 3.3 (-12) 1.9 (-12) 
0.1 0.5092 0.3501 0.1936 4.9 (-12) 3.3 (-12) 1.8 (-12) 
0.5 0.5085 0.3512 0.1955 4.9 (-12) 3.4 (-12) 1.9 (-12) 
1 0.5097 0.3507 0.1951 4.9 (-12) 3.3 (-12) 1.9 (-12) 
1.48 3.8 (-12) 
0.01 0.6488 0.5130 0.3494 2.5 (-12) 2.0 (-12) 1.3 (-12) 
0.1 0.6500 0.5141 0.3490 2.5 (-12) 2.0 (-12) 1.3 (-12) 
0.5 0.6503 0.5133 0.3497 2.5 (-12) 2.0 (-12) 1.3 (-12) 
1 0.6504 0.5147 0.3478 2.5 (-12) 2.0 (-12) 1.3 (-12) 
1.98 1.3 (-12) 
0.01 0.7576 0.6526 0.5109 1.2 (-12) 1.0 (-12) 7.8 (-13) 
0.1 0.7573 0.6540 0.5119 1.2 (-12) 1.0 (-12) 7.8 (-13) 
0.5 0.7592 0.6540 0.5109 1.2 (-12) 1.0 (-12) 7.8 (-13) 
1 0.7583 0.6543 0.5121 1.2 (-12) 1.0 (-12) 7.8 (-13) 
298 
0.98 9.1 (-12) 
0.01 0.4767 0.3290 0.1873 4.4 (-12) 3.0 (-12) 1.7 (-12) 
0.1 0.4774 0.3284 0.1865 4.4 (-12) 3.0 (-12) 1.7 (-12) 
0.5 0.4773 0.3296 0.1885 4.4 (-12) 3.0 (-12) 1.7 (-12) 
1 0.4776 0.3285 0.1879 4.4 (-12) 3.0 (-12) 1.7 (-12) 
1.48 3.9 (-12) 
0.01 0.6138 0.4809 0.3280 2.4 (-12) 1.9 (-12) 1.3 (-12) 
0.1 0.6150 0.4819 0.3275 2.4 (-12) 1.9 (-12) 1.3 (-12) 
0.5 0.6163 0.4816 0.3287 2.4 (-12) 1.9 (-12) 1.3 (-12) 
1 0.6150 0.4821 0.3270 2.4 (-12) 1.9 (-12) 1.3 (-12) 
1.98 1.7 (-12) 0.01 0.7249 0.6176 0.4797 1.2 (-12) 1.0 (-12) 8.1 (-13) 
 
 112 
0.1 0.7253 0.6186 0.4804 1.2 (-12) 1.0 (-12) 8.1 (-13) 
0.5 0.7262 0.6198 0.4796 1.2 (-12) 1.0 (-12) 8.1 (-13) 
1 0.7263 0.6192 0.4807 1.2 (-12) 1.0 (-12) 8.1 (-13) 
333 
0.98 9.0 (-12) 
0.01 0.4345 0.3003 0.1776 3.9 (-12) 2.7 (-12) 1.6 (-12) 
0.1 0.4343 0.3003 0.1768 3.9 (-12) 2.7 (-12) 1.6 (-12) 
0.5 0.4342 0.3019 0.1787 3.9 (-12) 2.7 (-12) 1.6 (-12) 
1 0.4354 0.3014 0.1787 3.9 (-12) 2.7 (-12) 1.6 (-12) 
1.48 4.2 (-12) 
0.01 0.5655 0.4384 0.2999 2.4 (-12) 1.8 (-12) 1.3 (-12) 
0.1 0.5665 0.4384 0.2999 2.4 (-12) 1.8 (-12) 1.3 (-12) 
0.5 0.5666 0.4382 0.3013 2.4 (-12) 1.8 (-12) 1.3 (-12) 
1 0.5664 0.4392 0.3003 2.4 (-12) 1.8 (-12) 1.3 (-12) 
1.98 1.9 (-12) 
0.01 0.6770 0.5695 0.4379 1.3 (-12) 1.1 (-12) 8.6 (-13) 
0.1 0.6772 0.5706 0.4375 1.3 (-12) 1.1 (-12) 8.6 (-13) 
0.5 0.6788 0.5705 0.4375 1.3 (-12) 1.1 (-12) 8.6 (-13) 





Figure VII-3. CCSD(T)//M06-2X/AVTZ bimolecular effective rate constants (red circles) for the 
BrHgO• + C2H4 reaction. Maximum (blue circles) and minimum (green circles) rate constants 
computed in the sensitivity analysis and the corresponding outer and inner critical energies (Eouter and 
Einner, respectively). 
 
Figure VII-4. Harmonic frequencies of the six lowest vibrational modes along the PRC-forming path 
prior to the bifurcation point for the reaction of BrHgO• + HCHO at M06-2X/AVTZ. The black 























































Table VII-14. Fractions of the population going on to form products (abstraction or addition) given 
its initial identity of the original PRC (PRC (abs) or PRC (add)) for the BrHgO• + HCHO reaction. 
T (K) P (atm) PRC (abs) PRC (add) Abstraction Addition Abstraction Addition 
200 
0.01 0.7537 0.5550 0.0302 0.1074 
0.1 0.7525 0.5564 0.0304 0.1075 
0.5 0.7540 0.5551 0.0308 0.1072 
1 0.7540 0.5577 0.0298 0.1068 
225 
0.01 0.7080 0.4953 0.0275 0.0967 
0.1 0.7068 0.4959 0.0276 0.0966 
0.5 0.7085 0.4952 0.0280 0.0963 
1 0.7089 0.4967 0.0272 0.0970 
250 
0.01 0.6610 0.4364 0.0248 0.0861 
0.1 0.6601 0.4371 0.0248 0.0864 
0.5 0.6599 0.4372 0.0252 0.0859 
1 0.6617 0.4375 0.0246 0.0872 
275 
0.01 0.6144 0.3820 0.0220 0.0759 
0.1 0.6129 0.3834 0.0219 0.0765 
0.5 0.6128 0.3833 0.0221 0.0764 
1 0.6146 0.3836 0.0218 0.0771 
298 
0.01 0.5703 0.3359 0.0192 0.0677 
0.1 0.5690 0.3371 0.0193 0.0678 
0.5 0.5690 0.3359 0.0194 0.0675 
1 0.5697 0.3362 0.0193 0.0676 
333 
0.01 0.5091 0.2752 0.0159 0.0565 
0.1 0.5083 0.2756 0.0158 0.05654 
0.5 0.5084 0.2758 0.0159 0.05632 





Table VII-15. PRC-forming rate constants (kVTST(T), in cm3 molecule-1 s-1) along with averaged 
(assuming equal initial population distribution for PRCadd and PRCabs) fractional populations of the 
PRCs going on to form product (f([M], T)) and bimolecular effective rate constants (k([M], T), in cm3 
molecule-1 s-1) for each channel (abstraction or addition) of the BrHgO• + HCHO reaction. 
T (K) kVTST(T) P (atm) 
Abstraction Addition 
f([M], T) k([M], T) × 1011 f([M], T) 
k([M], T) 
× 1012 
200 8.4 × 10-11 
0.01 0.6544 5.5 0.0688 5.8 
0.1 0.6545 5.5 0.0690 5.8 
0.5 0.6546 5.5 0.0690 5.8 
1 0.6559 5.5 0.0683 5.7 
225 8.7 × 10-11 
0.01 0.6017 5.2 0.0621 5.4 
0.1 0.6014 5.2 0.0621 5.4 
0.5 0.6019 5.2 0.0622 5.4 
1 0.6028 5.3 0.0621 5.4 
250 9.2 × 10-11 
0.01 0.5487 5.1 0.0555 5.1 
0.1 0.5486 5.1 0.0556 5.1 
0.5 0.5486 5.1 0.0555 5.1 
1 0.5496 5.1 0.0559 5.2 
275 9.9 × 10-11 
0.01 0.4982 4.9 0.0490 4.9 
0.1 0.4982 4.9 0.0492 4.9 
0.5 0.4981 4.9 0.0493 4.9 
1 0.4991 4.9 0.0495 4.9 
298 1.0 × 10-10 
0.01 0.4531 4.8 0.0435 4.6 
0.1 0.4530 4.8 0.0436 4.6 
0.5 0.4524 4.8 0.0435 4.6 
1 0.4529 4.8 0.0434 4.6 
333 1.2 × 10-10 
0.01 0.3922 4.7 0.0362 4.3 
0.1 0.3920 4.7 0.0362 4.3 
0.5 0.3921 4.7 0.0361 4.3 





Table VII-16a. PRC-forming rate constants (kVTST(T), in cm3 molecule-1 s-1), averaged (assuming equal initial population distribution for PRCadd 
and PRCabs) fractional populations of the PRCs going on to form abstraction product (fabs([M], T)) and bimolecular effective rate constants 
(kabs([M], T), in cm3 molecule-1 s-1) for various PRC-dissociation and PRC-isomerization critical energies relative to the PRC (Eouter and Eiso, 
respectively, in kcal mol-1) for the BrHgO• + HCHO reactions. 
T (K) Eouter kVTST P (atm) 
fabs([M], T) kabs([M], T) 
Eiso = -0.14 Eiso = 0.36 Eiso = 0.86 Eiso = -0.14 Eiso = 0.36 Eiso = 0.86 
200 
2.69 (add) 
4.96 (abs) 2.9 (-10) 
0.01 0.6063 0.5799 0.5397 1.8 (-10) 1.7 (-10) 1.6 (-10) 
0.1 0.6076 0.5797 0.5402 1.8 (-10) 1.7 (-10) 1.6 (-10) 
0.5 0.6065 0.5801 0.5399 1.8 (-10) 1.7 (-10) 1.6 (-10) 
1 0.6076 0.5807 0.5401 1.8 (-10) 1.7 (-10) 1.6 (-10) 
3.19 (add) 
5.46 (abs) 8.4 (-11) 
0.01 0.6790 0.6544 0.6173 5.7 (-11) 5.5 (-11) 5.2 (-11) 
0.1 0.6797 0.6545 0.6176 5.7 (-11) 5.5 (-11) 5.2 (-11) 
0.5 0.6795 0.6546 0.6166 5.7 (-11) 5.5 (-11) 5.2 (-11) 
1 0.6798 0.6559 0.6173 5.7 (-11) 5.5 (-11) 5.2 (-11) 
3.69 (add) 
5.96 (abs) 2.4 (-11) 
0.01 0.7358 0.7145 0.6798 1.8 (-11) 1.7 (-11) 1.6 (-11) 
0.1 0.7364 0.7142 0.6801 1.8 (-11) 1.7 (-11) 1.6 (-11) 
0.5 0.7354 0.7138 0.6798 1.8 (-11) 1.7 (-11) 1.6 (-11) 
1 0.7361 0.7142 0.6801 1.8 (-11) 1.7 (-11) 1.6 (-11) 
225 
2.69 (add) 
4.96 (abs) 2.7 (-10) 
0.01 0.5465 0.5229 0.4879 1.5 (-10) 1.4 (-10) 1.3 (-10) 
0.1 0.5471 0.5227 0.4886 1.5 (-10) 1.4 (-10) 1.3 (-10) 
0.5 0.5467 0.5223 0.4881 1.5 (-10) 1.4 (-10) 1.3 (-10) 
1 0.5474 0.5234 0.4890 1.5 (-10) 1.4 (-10) 1.3 (-10) 
3.19 (add) 
5.46 (abs) 8.7 (-11) 
0.01 0.6239 0.6017 0.5687 5.4 (-11) 5.2 (-11) 5.0 (-11) 
0.1 0.6251 0.6014 0.5685 5.5 (-11) 5.2 (-11) 5.0 (-11) 
0.5 0.6247 0.6019 0.5683 5.5 (-11) 5.3 (-11) 5.0 (-11) 
1 0.6257 0.6028 0.5689 5.5 (-11) 5.3 (-11) 5.0 (-11) 
3.69 (add) 
5.96 (abs) 2.8 (-11) 
0.01 0.6885 0.6673 0.6361 2.0 (-11) 1.9 (-11) 1.8 (-11) 
0.1 0.6890 0.6674 0.6366 2.0 (-11) 1.9 (-11) 1.8 (-11) 
 
 117 
0.5 0.6888 0.6670 0.6360 2.0 (-11) 1.9 (-11) 1.8 (-11) 
1 0.6891 0.6684 0.6369 2.0 (-11) 1.9 (-11) 1.8 (-11) 
250 
2.69 (add) 
4.96 (abs) 2.5 (-10) 
0.01 0.4891 0.4682 0.4389 1.2 (-10) 1.2 (-10) 1.1 (-10) 
0.1 0.4897 0.4690 0.4392 1.2 (-10) 1.2 (-10) 1.1 (-10) 
0.5 0.4894 0.4683 0.4397 1.2 (-10) 1.2 (-10) 1.1 (-10) 
1 0.4901 0.4687 0.4403 1.2 (-10) 1.2 (-10) 1.1 (-10) 
3.19 (add) 
5.46 (abs) 9.2 (-11) 
0.01 0.5689 0.5487 0.5189 5.3 (-11) 5.1 (-11) 4.8 (-11) 
0.1 0.5706 0.5486 0.5195 5.3 (-11) 5.1 (-11) 4.8 (-11) 
0.5 0.5701 0.5486 0.5191 5.3 (-11) 5.1 (-11) 4.8 (-11) 
1 0.5702 0.5496 0.5200 5.3 (-11) 5.1 (-11) 4.8 (-11) 
3.69 (add) 
5.96 (abs) 3.4 (-11) 
0.01 0.6380 0.6189 0.5908 2.2 (-11) 2.1 (-11) 2.0 (-11) 
0.1 0.6393 0.6185 0.5911 2.2 (-11) 2.1 (-11) 2.0 (-11) 
0.5 0.6390 0.6187 0.5902 2.2 (-11) 2.1 (-11) 2.0 (-11) 
1 0.6391 0.6203 0.5913 2.2 (-11) 2.1 (-11) 2.0 (-11) 
275 
2.69 (add) 
4.96 (abs) 2.5 (-10) 
0.01 0.4362 0.4182 0.3937 1.1 (-10) 1.0 (-10) 9.8 (-11) 
0.1 0.4363 0.4185 0.3940 1.1 (-10) 1.0 (-10) 9.8 (-11) 
0.5 0.4356 0.4180 0.3937 1.1 (-10) 1.0 (-10) 9.8 (-11) 
1 0.4373 0.4187 0.3949 1.1 (-10) 1.0 (-10) 9.8 (-11) 
3.19 (add) 
5.46 (abs) 9.9 (-11) 
0.01 0.5159 0.4982 0.4720 5.1 (-11) 4.9 (-11) 4.7 (-11) 
0.1 0.5171 0.4982 0.4722 5.1 (-11) 4.9 (-11) 4.7 (-11) 
0.5 0.5162 0.4981 0.4717 5.1 (-11) 4.9 (-11) 4.7 (-11) 
1 0.5167 0.4991 0.4727 5.1 (-11) 5.0 (-11) 4.7 (-11) 
3.69 (add) 
5.96 (abs) 4.0 (-11) 
0.01 0.5874 0.5701 0.5448 2.3 (-11) 2.3 (-11) 2.2 (-11) 
0.1 0.5893 0.5703 0.5451 2.3 (-11) 2.3 (-11) 2.2 (-11) 
0.5 0.5888 0.5701 0.5440 2.3 (-11) 2.3 (-11) 2.2 (-11) 
1 0.5887 0.5707 0.5452 2.3 (-11) 2.3 (-11) 2.2 (-11) 
298 
2.69 (add) 
4.96 (abs) 2.4 (-10) 
0.01 0.3904 0.3751 0.3552 9.6 (-11) 9.2 (-11) 8.7 (-11) 
0.1 0.3913 0.3755 0.3555 9.6 (-11) 9.2 (-11) 8.7 (-11) 
0.5 0.3904 0.3753 0.3550 9.6 (-11) 9.2 (-11) 8.7 (-11) 
1 0.3915 0.3759 0.3554 9.6 (-11) 9.2 (-11) 8.7 (-11) 
3.19 (add) 
5.46 (abs) 1.1 (-10) 
0.01 0.4687 0.4531 0.4302 4.9 (-11) 4.8 (-11) 4.5 (-11) 
0.1 0.4691 0.4530 0.4306 4.9 (-11) 4.8 (-11) 4.5 (-11) 
0.5 0.4688 0.4524 0.4300 4.9 (-11) 4.8 (-11) 4.5 (-11) 
 
 118 
1 0.4694 0.4529 0.4309 4.9 (-11) 4.8 (-11) 4.5 (-11) 
3.69 (add) 
5.96 (abs) 4.5 (-11) 
0.01 0.5406 0.5257 0.5022 2.4 (-11) 2.4 (-11) 2.3 (-11) 
0.1 0.5426 0.5251 0.5024 2.5 (-11) 2.4 (-11) 2.3 (-11) 
0.5 0.5422 0.5251 0.5018 2.5 (-11) 2.4 (-11) 2.3 (-11) 
1 0.5421 0.5261 0.5028 2.5 (-11) 2.4 (-11) 2.3 (-11) 
333 
2.69 (add) 
4.96 (abs) 2.5 (-10) 
0.01 0.3318 0.3192 0.3043 8.5 (-11) 8.1 (-11) 7.8 (-11) 
0.1 0.3315 0.3197 0.3044 8.5 (-11) 8.1 (-11) 7.8 (-11) 
0.5 0.3320 0.3195 0.3043 8.5 (-11) 8.1 (-11) 7.8 (-11) 
1 0.3321 0.3198 0.3047 8.5 (-11) 8.2 (-11) 7.8 (-11) 
3.19 (add) 
5.46 (abs) 1.2 (-10) 
0.01 0.4051 0.3922 0.3742 4.9 (-11) 4.7 (-11) 4.5 (-11) 
0.1 0.4055 0.3920 0.3743 4.9 (-11) 4.7 (-11) 4.5 (-11) 
0.5 0.4055 0.3921 0.3742 4.9 (-11) 4.7 (-11) 4.5 (-11) 
1 0.4059 0.3924 0.3747 4.9 (-11) 4.7 (-11) 4.5 (-11) 
3.69 (add) 
5.96 (abs) 5.6 (-11) 
0.01 0.4765 0.4632 0.4438 2.7 (-11) 2.6 (-11) 2.5 (-11) 
0.1 0.4770 0.4630 0.4442 2.7 (-11) 2.6 (-11) 2.5 (-11) 
0.5 0.4769 0.4625 0.4432 2.7 (-11) 2.6 (-11) 2.5 (-11) 





Table VII-16b. PRC-forming rate constants (kVTST(T), in cm3 molecule-1 s-1), averaged (assuming equal initial population distribution for PRCadd 
and PRCabs) fractional populations of the PRCs going on to form addition product (fadd([M], T)) and bimolecular effective rate constants 
(kadd([M], T), in cm3 molecule-1 s-1) for various PRC-dissociation and PRC-isomerization critical energies relative to the PRC (Eouter and Eiso, 
respectively, in kcal mol-1) for the BrHgO• + HCHO reactions. 
T (K) Eouter kVTST P (atm) 
fadd([M], T) kadd([M], T) 
Eiso = -0.14 Eiso = 0.36 Eiso = 0.86 Eiso = -0.14 Eiso = 0.36 Eiso = 0.86 
200 
2.69 (add) 
4.96 (abs) 2.9 (-10) 
0.01 0.0482 0.0593 0.0766 1.4 (-11) 1.8 (-11) 2.3 (-11) 
0.1 0.0484 0.0593 0.0764 1.4 (-11) 1.8 (-11) 2.3 (-11) 
0.5 0.0481 0.0588 0.0766 1.4 (-11) 1.7 (-11) 2.3 (-11) 
1 0.0480 0.0591 0.0766 1.4 (-11) 1.7 (-11) 2.3 (-11) 
3.19 (add) 
5.46 (abs) 8.4 (-11) 
0.01 0.0567 0.0688 0.0884 4.8 (-12) 5.8 (-12) 7.4 (-12) 
0.1 0.0568 0.0690 0.0881 4.8 (-12) 5.8 (-12) 7.4 (-12) 
0.5 0.0570 0.0690 0.0884 4.8 (-12) 5.8 (-12) 7.4 (-12) 
1 0.0568 0.0683 0.0884 4.8 (-12) 5.7 (-12) 7.4 (-12) 
3.69 (add) 
5.96 (abs) 2.4 (-11) 
0.01 0.0637 0.0760 0.0961 1.5 (-12) 1.8 (-12) 2.3 (-12) 
0.1 0.0637 0.0762 0.0962 1.5 (-12) 1.8 (-12) 2.3 (-12) 
0.5 0.0642 0.0763 0.0962 1.5 (-12) 1.8 (-12) 2.3 (-12) 
1 0.0637 0.0756 0.0962 1.5 (-12) 1.8 (-12) 2.3 (-12) 
225 
2.69 (add) 
4.96 (abs) 2.7 (-10) 
0.01 0.0438 0.0522 0.0653 1.2 (-11) 1.4 (-11) 1.7 (-11) 
0.1 0.0437 0.0523 0.0653 1.2 (-11) 1.4 (-11) 1.7 (-11) 
0.5 0.0437 0.0523 0.0654 1.2 (-11) 1.4 (-11) 1.7 (-11) 
1 0.0435 0.0521 0.0650 1.2 (-11) 1.4 (-11) 1.7 (-11) 
3.19 (add) 
5.46 (abs) 8.7 (-11) 
0.01 0.0525 0.0621 0.0772 4.6 (-12) 5.4 (-12) 6.7 (-12) 
0.1 0.0525 0.0621 0.0771 4.6 (-12) 5.4 (-12) 6.7 (-12) 
0.5 0.0523 0.0622 0.0774 4.6 (-12) 5.4 (-12) 6.7 (-12) 
1 0.0523 0.0621 0.0774 4.6 (-12) 5.4 (-12) 6.7 (-12) 
3.69 (add) 
5.96 (abs) 2.8 (-11) 
0.01 0.0595 0.0697 0.0860 1.7 (-12) 2.0 (-12) 2.5 (-12) 
0.1 0.0595 0.0700 0.0861 1.7 (-12) 2.0 (-12) 2.5 (-12) 
 
 120 
0.5 0.0600 0.0700 0.0863 1.7 (-12) 2.0 (-12) 2.5 (-12) 
1 0.0594 0.0695 0.0862 1.7 (-12) 2.0 (-12) 2.5 (-12) 
250 
2.69 (add) 
4.96 (abs) 2.5 (-10) 
0.01 0.0392 0.0457 0.0554 9.9 (-12) 1.2 (-11) 1.4 (-11) 
0.1 0.0391 0.0455 0.0556 9.9 (-12) 1.2 (-11) 1.4 (-11) 
0.5 0.0389 0.0456 0.0555 9.8 (-12) 1.2 (-11) 1.4 (-11) 
1 0.0390 0.0456 0.0555 9.9 (-12) 1.2 (-11) 1.4 (-11) 
3.19 (add) 
5.46 (abs) 9.2 (-11) 
0.01 0.0476 0.0555 0.0672 4.4 (-12) 5.1 (-12) 6.2 (-12) 
0.1 0.0478 0.0556 0.0673 4.4 (-12) 5.1 (-12) 6.2 (-12) 
0.5 0.0478 0.0555 0.0673 4.4 (-12) 5.1 (-12) 6.2 (-12) 
1 0.0475 0.0559 0.0674 4.4 (-12) 5.2 (-12) 6.2 (-12) 
3.69 (add) 
5.96 (abs) 3.4 (-11) 
0.01 0.0547 0.0632 0.0762 1.9 (-12) 2.1 (-12) 2.6 (-12) 
0.1 0.0547 0.0633 0.0764 1.9 (-12) 2.1 (-12) 2.6 (-12) 
0.5 0.0549 0.0636 0.0767 1.9 (-12) 2.2 (-12) 2.6 (-12) 
1 0.0549 0.0632 0.0764 1.9 (-12) 2.1 (-12) 2.6 (-12) 
275 
2.69 (add) 
4.96 (abs) 2.5 (-10) 
0.01 0.0348 0.0400 0.0471 8.6 (-12) 9.9 (-12) 1.2 (-11) 
0.1 0.0350 0.0398 0.0474 8.7 (-12) 9.9 (-12) 1.2 (-11) 
0.5 0.0345 0.0398 0.0473 8.6 (-12) 9.8 (-12) 1.2 (-11) 
1 0.0348 0.0395 0.0470 8.6 (-12) 9.8 (-12) 1.2 (-11) 
3.19 (add) 
5.46 (abs) 9.9 (-11) 
0.01 0.0430 0.0490 0.0583 4.3 (-12) 4.9 (-12) 5.8 (-12) 
0.1 0.0429 0.0492 0.0583 4.3 (-12) 4.9 (-12) 5.8 (-12) 
0.5 0.0431 0.0493 0.0584 4.3 (-12) 4.9 (-12) 5.8 (-12) 
1 0.0430 0.0495 0.0580 4.3 (-12) 4.9 (-12) 5.8 (-12) 
3.69 (add) 
5.96 (abs) 4.0 (-11) 
0.01 0.0497 0.0568 0.0672 2.0 (-12) 2.3 (-12) 2.7 (-12) 
0.1 0.0498 0.0570 0.0675 2.0 (-12) 2.3 (-12) 2.7 (-12) 
0.5 0.0499 0.0570 0.0676 2.0 (-12) 2.3 (-12) 2.7 (-12) 
1 0.0498 0.0569 0.0673 2.0 (-12) 2.3 (-12) 2.7 (-12) 
298 
2.69 (add) 
4.96 (abs) 2.4 (-10) 
0.01 0.0312 0.0350 0.0405 7.6 (-12) 8.6 (-12) 9.9 (-12) 
0.1 0.0312 0.0350 0.0406 7.6 (-12) 8.6 (-12) 9.9 (-12) 
0.5 0.0310 0.0348 0.0406 7.6 (-12) 8.5 (-12) 9.9 (-12) 
1 0.0308 0.0347 0.0407 7.5 (-12) 8.5 (-12) 1.0 (-11) 
3.19 (add) 
5.46 (abs) 1.1 (-10) 
0.01 0.0387 0.0435 0.0507 4.1 (-12) 4.6 (-12) 5.3 (-12) 
0.1 0.0386 0.0436 0.0507 4.1 (-12) 4.6 (-12) 5.3 (-12) 
0.5 0.0385 0.0435 0.0509 4.1 (-12) 4.6 (-12) 5.4 (-12) 
 
 121 
1 0.0387 0.0434 0.0505 4.1 (-12) 4.6 (-12) 5.3 (-12) 
3.69 (add) 
5.96 (abs) 4.5 (-11) 
0.01 0.0453 0.0509 0.0595 2.1 (-12) 2.3 (-12) 2.7 (-12) 
0.1 0.0453 0.0511 0.0596 2.0 (-12) 2.3 (-12) 2.7 (-12) 
0.5 0.0452 0.0511 0.0595 2.0 (-12) 2.3 (-12) 2.7 (-12) 
1 0.0451 0.0512 0.0594 2.0 (-12) 2.3 (-12) 2.7 (-12) 
333 
2.69 (add) 
4.96 (abs) 2.5 (-10) 
0.01 0.0262 0.0286 0.0324 6.7 (-12) 7.3 (-12) 8.3 (-12) 
0.1 0.0260 0.0289 0.0325 6.6 (-12) 7.4 (-12) 8.3 (-12) 
0.5 0.0259 0.0285 0.0322 6.6 (-12) 7.3 (-12) 8.2 (-12) 
1 0.0258 0.0285 0.0328 6.6 (-12) 7.3 (-12) 8.4 (-12) 
3.19 (add) 
5.46 (abs) 1.2 (-10) 
0.01 0.0326 0.0362 0.0412 3.9 (-12) 4.3 (-12) 4.9 (-12) 
0.1 0.0327 0.0362 0.0413 3.9 (-12) 4.3 (-12) 4.9 (-12) 
0.5 0.0323 0.0361 0.0411 3.9 (-12) 4.3 (-12) 4.9 (-12) 
1 0.0325 0.0360 0.0411 3.9 (-12) 4.3 (-12) 4.9 (-12) 
3.69 (add) 
5.96 (abs) 5.6 (-11) 
0.01 0.0386 0.0428 0.0492 2.2 (-12) 2.4 (-12) 2.8 (-12) 
0.1 0.0386 0.0431 0.0490 2.2 (-12) 2.4 (-12) 2.8 (-12) 
0.5 0.0386 0.0429 0.0492 2.2 (-12) 2.4 (-12) 2.8 (-12) 
1 0.0387 0.0427 0.0489 2.2 (-12) 2.4 (-12) 2.8 (-12) 
 
 122  
 
Figure VII-5. CCSD(T)//M06-2X/AVTZ bimolecular effective rate constants (red circles and red 
squares) for the BrHgO• + HCHO reaction. Maximum (blue) and minimum (green) rate constants 
for the abstraction (circles) and addition (squares) channels computed in the sensitivity analysis along 
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Table VII-17. Conditions, trace gas concentrations (in ppbv), and pseudo-first order rate constants 
(in s-1) for various air masses in predicting the atmospheric fate of BrHgO•. Values in parentheses are 
exponents of 10. 
 Urban air Rural air Marine air Stratospheric air 
T (K) 285 285 285 220 
P (atm) 1 1 1 0.06 
 
CH4a 1900 1850 1850 500 
C2H6a 1.5 1.5 1.5 0.02 
HCHO 1.5b 1 0.3b 0.001 
C2H4 0.1b 0.05 0.01b 0.001 
C5H8 (isoprene) 0.2b 0.3 0.001b 0.001 
NO 3b 0.05c 0.02b 0.3d 
NO2 6b 0.5c 0.03b 0.5d 
 
k(CH4)e 2.3 (-13) 2.3 (-13) 2.3 (-13) 8.8 (-14) 
k(C2H6)e 6.6 (-12) 6.6 (-12) 6.6 (-12) 6.4 (-12) 
k(HCHO) (abs) 4.8 (-11) 4.8E-11 4.8E-11 5.1E-11 
k(HCHO) (add) 4.6 (-12) 4.6E-12 4.6E-12 5.1E-12 
k(C2H4) 1.9 (-12) 1.9E-12 1.9E-12 2.1E-12 
k(C5H8)f 1.9 (-12) 1.9E-12 1.9E-12 2.1E-12 
k(NO) 3.0 (-11) 3.0 (-11) 3.0 (-11) 2.0 (-11) 
k(NO2) 1.8 (-11) 1.8 (-11) 1.8 (-11) 2.4 (-11) 
aINTEX-B153 
bDISCOVER-AQ (https://www-air.larc.nasa.gov/missions/discover-aq/discover-aq.html)154 
cUniversity of New Hampshire AIRMAP (http://www.eos.unh.edu/observatories/data.shtml) 
dadapted from stratospheric modeling results in DeMore et al.48 
eadapted from Lam et al.130 
fBrHgO• + C5H8 (isoprene) rate constants were assumed to be equal to BrHgO• + C2H4 
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